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ABSTRACT 

The progenitors of many core-collapse supernovae have now been identified di- 
rectly on pre-discovery imaging of their host galaxies. These are all of type II and all 
of the most common sub- types have at least one detection (II-P, II-L, lib and Iln). Here 
we present an extensive search for the progenitors of type Ibc supernovae in all avail- 
able pre-discovery imaging since 1998. To date there have been 12 type Ibc supernovae 
with either deep ground-based imaging or Hubble Space Telescope archival imaging of 
their explosion sites. Our analysis of this data set shows there is no detection of any 
progenitor in these images, with the deepest limits probing absolute magnitudes of 
between —4™ and —5™ in broad-band B, V and R. We compare the magnitude limits 
with the observed Wolf-Rayet population in the Large Magellanic Cloud, which show a 
range in their broad-band absolute magnitudes between —2™ and —8'". There is only 
a 15 per cent probability that this is actually the progenitor population and that we 
have failed to detect a Wolf-Rayet progenitor by chance selection. Comparing to the 
observed Wolf-Rayet populations in NGC5068 and NGC7793, we find an essentially 
zero probability that this population could give rise to the observed Ibc population. 
If SN Ibc progenitors are drawn from such populations then either Wolf-Rayet stars 
evolve significantly in the last stages of their lives, or we have underestimated circum- 
stellar dust and extinction towards the progenitors. We review the relative rates of Ibc 
SNe, finding agreement with previous work that they occur too frequently to originate 
only from progenitors with initial masses > 25M0. The ejecta mass estimates from 
lightcurve modelling of Ibc SNe indicate typical ejecta masses between 1-3Mq, which 
is somewhat low to be compatible with massive Wolf-Rayet progenitors. Hence we 
propose that a Wolf-Rayet origin for the bulk of the normal Ibc population is unlikely. 
We present results from binary stellar evolution calculations and population models 
that show that stars less than approximately 2OM0, in interacting binaries can fit all 
of these observational constraints. These stars lose their hydrogen envelopes through 
either Roche-lobe overflow or common envelope evolution and end their lives as low 
mass helium stars. We show that such helium stars in model binaries retain a low 
mass hydrogen envelope until after the end of core helium burning and lose the last of 
the hydrogen approximately 10"* years before core-collapse. Hence it is not surprising 
that they have been difficult to identify, but some viable Ibc progenitor systems exist. 

Key words: stars: evolution - binaries: general - supernovae: general - stars: Wolf- 
Rayet - stars: supergiants 



1 INTRODUCTION 

Massive stars live fast and die young; core-collapse super- 
novae (SNe) are the dramatic explosions which mark their 
* E-mail: j.eldridge@auckland.ac.nz deaths. During these events a large amount of energy is de- 
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posited into the surrounding interstellar medium, while ele- 
ments heavier than boron are created through explosive nu- 
cleosynthesis. The physical mechanism of core-collapse in a 
star with an iron core is well established as the main driving 
source behind the vast majo rity of core-collapse explosions 
l|jankall201^ : iBurrowd 120121 '). However the structure of the 
star before explosion and the variety in explosions (kinetic 
energies, luminosities and variation in the production of ra- 
dioactive ^®Ni) are still not well understood. The observa- 
tional characteristics are critically affected by the evolution- 
ary history of its progenitor star and uncertainties remain 
(most notably in convection, mass-loss a nd rotation) that 
limit our quantitative understanding (see lLangeijl201 j . for 
a discussion of current limitations). 

Observed SNe are first divided into Types I and II, 
based respectively on the absence or p resence of hydro- 
gen in the early-time optical spe ctrum l|Filippenkd 1 19971 : 
iTuratto. Beneti fc Pastorellclll2007^ . These two broad types 
are further divided into several subtypes. The most common 
Type II SNe are Type IIP, characterised by a long plateau 
phase in their lightcurve of constant luminosity, which lasts 
for several months. Type IIL SNe have a linear decay to their 
light curve, while Type lib SNe only show hydrogen in their 
spectra for the first few weeks before it disappears. Type Iln 
SNe are slightly different, the hydrogen is seen as narrow 
(< 100 km s~^) emission lines, which arise from interaction 
with dense, optically thick circumstellar material. Type la 
SNe are hydrogen and helium poor SNe that are believed to 
be thermonuclear explosions arising as a result of accretion 
onto a carbon-ox ygen white dwarf and ar e not considered 
further here fsee iHillebrandt fc NiemeveJ l|2000l ) for a re- 
view). The other hydrogen-poor Type I SNe are subdivided 
into Types lb and Ic, which either do or do not show helium 
in their spectra. The type Ibc SN^B h ave long been associ- 
ated with Wolf-Rayet pro genitors (e.g. iBegelman fc SarazinI 
ll986l : lGaskell et al.lll986l ). 

In Paper I of this series, ISmartt et all (|2009l ). the 
progenitors of Type IIP SNe were identified as red su- 
pergiants (RSGs) with massive and extended hydrogen 
envelopes. This conclusion was based on an analysis 
of pre-explosion images (mostly from the Hubble Space 
Telescope) for twenty nearby SNe. These images were 
used to detect or place limits on the luminosity and thus 
mass of the progenitors. For the other subclasses of Type 
II supernovae there are some detections, but insufficient 
numbers to consider in detail as an ensemble. There 
have been three detected Type lib progenitors for SNe 
1993J, 2008ax and 2011dh, one transitional Type IIP/L 
progenitor for SN 2009kr and a pr ogenitor detected for 
the peculiar Type II SN 1987A 
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Fraser et al.l l2010bl : iMaund et al.l l201li : lArcavi et all 
20111 ). Together these observations suggest that if the 



similar luminosity but with different surface temperature 
ranging from blue to yellow supergiants. 

Besides Type IIP SNe, the only other SN type for 
which there are a large number of pre-explosion im- 
ages available are the hydrogen deficient Type Ibc SNe. 
There have been many attempts to directly identify 
the progenitors of Ib c SNe in these pre-dis covcry im- 
ages, but no success see | Van Dvk. Li fc Filippen ko (2003d); 
iMaund, Smartt fc Schweizeij (| 2005|): iGal-Yam et a,l.i (i200a) : 
Maund fc Smartt (20Q5b); Croc kett et~al] l|2008l . |2007| ). A 
luminous outburst or eruption fro m a progenitor star for 
the type Ibn SN2 006jc was detected (|Pastorello et al.ll2007al : 
iFolev et al]|2007[ ). but the progenitor was not detected in 
a quiescent phase. The progenitors of Type Ibc SNe could 
potentially be the classical, massive Wolf-Rayet stars which 
are initially massive (Mzams >25-30 Mq) but then lose their 
hydrogen envelo pes through radiatively driven stellar winds 
l|Crowtheill2007l ). Such mass-loss in massive stars can also 
be enhanced in massive binary systems. 

Alternatively, it has been suggested that progenitors of 
Type Ibc SNe could be helium stars with ZAMS masses 
that are too low to allow a single star to enter the 
WR stage. In these cases, the star could have an ini- 
tial mass of significantly less than < 25 M©. The lower 
initial mass limit for a SN progenitor in such a system 
is uncertain, but is probably around the limit for single 
stars to prod uce Fe-cores, or OMgNe cores, around 8Mq 
(jSmarttll2009h . Such a star could lose its hydrogen envelope 
through interaction with a binary companion, losing mass 
by Roche-Lobe overflow or common-envelope evolution. 
fe.g.JPodsiadlowski et al]|l992l:lNomoto. Iwarnoto fc Suzuk] 

35|; ' ' 
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oretically such stars are likely progenitors of Type 
Ibc SNe, there are no direct hydrogen-free analogues 
in our own galaxy, which has led to some scep- 
ticism as to their existence. The closest such sys- 
tems we are aware of are V Sagittae systems, WR7a 
and HD45166 , which retain some hydrogen on their 
surfaces (e.g. Steiner fc Diaj 19981: Oliveira et aL I l2003l : 
ISteiner fc Oliveiral l2005l : iGroh. Oliveira fc SteineJ |2008| ). 
However, recently refined measurement of the relative rates 
of the SN types, together with modelling of the evolu- 
tion of binary systems, has added weight to the argu- 
ment that these binary stars rep resent a significant frac- 



tion o f Type Ibc progenitors (e .g. Eldridge. Izzard fc Toud 



20081: lYoon. Wooslev fc Langed I2OIOI : ISmith et al] I2OIII : 
Eldridge. Langer fc Toudl201ll ). 



progenitors of Type II SNe are not RSGs, they are of a 



In this paper we combine the observed upper limits on 
the luminosity of individual Type Ibc progenitors with theo- 
retical modelling of a binary population to constrain the pro- 
genitor population as a whole. In particular, we aim to de- 
termine whether the observed magnitude limits for Type Ibc 
SN progenitors (and their relative rates) can be reconciled 
with the observed population of WR stars in the Milky Way 
and Magellanic Clouds, or whether they are better matched 
by a model population including binary and single stars. 



^ The types lb and Ic are often difficult to distinguish and their 
classification is dependent on the phase of the spectra and signal- 
to-noise. Hence we will often use the common term of type Ibc to 
cover them jointly. 



2 THE LOCAL SN RATE 

We have followed the methodology of Paper I in sample se- 
lection. The list of supernovae maintained by the lAU Cen- 
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tral Bureau for Astronomical Telegramflwas searched for all 
supernovae with a named host galaxy discovered in the two 
year period from 1 Jan 1998 to 30 March 2012. This sample 
was then cross matched against the the HyperLEDA galaxy 
databas^l to identify all supernovae for which the host 
galaxy had a recessional velocity (corrected for Local Group 
infall on Virgo) of 2000 km s^^ or less, corresponding to a 
distance limit of 28 Mpc for Ho=72 km s"^Mpc"\ For SNe 
where there was not a named host in the lAU catalogue, Hy- 
perLEDA was searched for any galaxy within 1.5'of the SN 
position. Finally, the coordinates of any SNe which did not 
have a named host or a galaxy within 1.5', and was brighter 
than magnitude 16 were queried via the NASA Extragalactic 
Database (NED n. We also cross-checked our sample against 
the catalogue of iLennarz. A ltmann & Wiobusch (2012), by 
searching for all SNe within 35 Mpc, and manually checking 
LEDA for the distance to any which were not in our sample. 
We did not identify any SNe within our distance limit which 
we had missed, although we note that several SNe (e.g.. SNe 
2001fu, 2004ea and 2006mq) which were within our distance 
limit do not have an associated distance in the Lennarz et 
al. catalogue. 

From this, we obtained a sample of 203 transients over 
the 14.25 year time period within a 28 Mpc volume, as listed 
in Appendix [X] For comparison, in Paper I we found 141 
transients within the same volume over the 10.5 years from 
1 Jan 1998 to 30 June 2008, which appears broadly consis- 
tent with the number found here : 13.4 SNe yr~^ in Paper 
I, compared to 14.3 SNe yr~^ over the extended 14.25 yr 
period that we consider here. Most of the SNe in the sample 
have a spectral typing, which are listed in Appendix [X] to- 
gether with the recessional velocity of the host. Those SNe 
which are of uncertain type, or which a re otherwise notewor - 
thy, and which were not discussed in ISmartt et all l|2009f) . 
are discussed individually below. 

(i) SN 2010dn 

The nature of this transient is still debated. IVinko et al.l 
(|2010h claimed it is an eruptive outburst from a dust- 
enshrouded LBV, but the spectra bear resemblance to 
the SN2008S-like transients that are st ill potentially SNe . 



tne arv/UUBD-like transients tnat are st nl potentially blNe 
jBotticella et al.ll2009l : ISmith et al.ll2009l : iPreito et alfeoioh 



iBergeJ (120101 )" set upper limits on the progenitor magni- 
tude of SN 2010dn from archival Spitzer and Hubble Space 
Telescope (H ST) observations of the site of the transient. 
I Smith et al.l (|2011bl ) presented a re-analysis of the same HST 
data, and similarly to Vinko et al. favoured a supernova 
impostor / LBV eru ption as the most likely explanation. 
iHoffman etal] (120111 ) report that a MIR detection of 2010dn 
which is again similar to that found for other SN2008S-like 
events. We thus leave it in the bin of "Uncertain or non- 
supernova" in Table Al. 
(ii) SN 2009ip 

As noted in Table BT] the original dis covery of the object 
we c all SN2009ip was an LBV outburst. [Smith et al.l (|2010l ') 
and iFolev et al.l (|201ll ) identified the progenitor as a star 
of ~60 Mq using archival HST images. A similar transient, 
UGC 2773 OT2009-1 was discussed by Smith et al., and 



^ http: / /www. cbat.eps.harvard.edu/lists/Supcrnovae. html 
^ http://leda.univ-lyonl.fr/ 
* http://ncd.ipac.caltcch.edu/ 



again was found to have a massive LBV progenitor. These 
LBV outbursts or eruptions are not included in our rate 
calculations but are listed, insofar as we are aware of their 
existence, in Table \KT\ . The star which underwent an LBV 
eruption to give SN2009ip may now have produced a su- 
pernova event, during August-September 2012. If confirmed 
this is perhaps one of the most interesting supernovae ever 
to have occurred and is already the focus of in t ensive study 
dMauerha n et al.ll2012l: IPastorello et all [201^ : IPrieto et al] 
|2012; Lcv esque et al.ll2012l ). The event occurred outside our 
timeframe, hence we do not include it as a SN Iln for rate 
estimates. However, we recognise that SN 2009ip has an ex- 
tremely important role in linking the progenitor star, SN 
explosions and the explosion mechanism. 

(iii) SN 2008iz 

The SN wa s disc overed at radio wavelengths 
jBrunthaler et ahl |2009| ). and has been the s ubject 
of extensive radio follow-up (jBrunthaler et al.l l2009l : 
iMarchili et"all l2010l ). iFraser et all (|2009l ) observed the SN 
with Gemini-|-NIRI, and initially claimed that the SN could 
not be seen in the N IR. However a careful reanalysis by 
iMattila et al.l (|2012al ') shows that the SN can be seen when 
image subtraction techniques are used. They find a likely 
very high line of sight extinction, but probably less than 
Av ~ 10. As this was a SN which was not, and could not, 
have been discovered by current optical surveys we do not 
consider it for our rate estimates. Its type is also currently 
unknown which would not enhance our measurements. It 
does serve as a reminder on the number of SNe that may 
be occurring in h igh star-formation ra te locations which 
are e xtinguished (|Mattila et al.l l2012al lbl: iBotticella et al.l 
l2012h . 

(iv) SNe 2008ge, 2008ha, 2010ae & 2010el. 

The SNe have all been identified as SN 2002cx-like. 2008ha 
is perhaps the most unusual SN considered in the sample; it 
showed low velocities and a faint abs olute magnitude, and 
its interpretation is still contentious. IValenti et al.l (|2009l ) 
suggested that the SN was the faint core-collapse of a mas- 
sive progenitor on the basis of its spect ral similarity to SN 
2005CS, however iFolev et al.l (|2009l ) and lFolev et~al] (|2010al ) 
have questioned this interpretation and proposed that it was 
in fact a thermonuclear SN. Foley et al. argue that interme- 
diate mass elements, whose absence Valenti et al. claimed 
was counterfactual to a Type la scenario, are in fact present. 
Valenti et al. noted that SN 2008ha appears to be related 
to the class of SN 2002cx-like SNe (Li et al. 2003), and sug- 
gested that all of these may be related to Type Ibc SNe, 
possibly with fallback of the inner most ejecta onto the com- 
pact stellar remnant. While a fal lback explosion mo del has 
been constructed for SN 2008ha (|Moriva et al.ll2010l '). it re- 
quires a progenitor which has a mass l ower than that typ - 
ically thought to undergo this process (|Heger et al.l 1200^ 1. 
Remarkably, three other SNe besides SN 2008ha in this sam- 
ple have been suggested to be SN 2002cx-like. The discov- 
ery of this many SN 2002cx-like SNe in such a short period 
could suggest that a significant number of these events have 
gone undetected previously, likely due to their faint mag - 
nitude. For one of them, SN 2008ge, iFolev et al.l l|2010bi ) 
have analysed pre-explosion data, and find no evidence of 
either ongoing star formation, or the young massive stellar 
population which would be expected to be found in the en- 
vironment of a core-collapse SN. While the nature of these 
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Figure 1. Percentage of CCSNe which are of a particular type 
as found in this work. 



SNe is still open to debate, at present the balance of evi- 
dence seems to favour a thermonuclear interpretation, and 
so we have excluded them from the core-collapse sample on 
this basis. However, given recent evidence that the class of 
SN 2002cx-like SNe may be significan tly more heterogeneous 
than previously thought (|Naravan et al.ll201ll ) and may not 
all share the same explosion mechanism, a more detailed 
search for the progenitors of these SNe would be a worth- 
while endeavour, 
(v) SN 2008eh 

As far as we are aware, there is no published spec- 
trum of SN 2 08eh. Hence we have followed the lead of 
iHoriuchi etall l|201ll ) and assumed the SN is a core-collapse 
event (probably Type Ibc) on the basis of its absolute mag- 
nitude and lightcurve, and proximity to a Hll region in a 
spiral galaxy. Nonetheless, we have excluded this SN from 
the rate calculations. 

We summarise the relative rates of different core- 
collapse SNe within our distance limit in Table lAll Dis- 
carding all SNe which were designated as Type la (55 SNe, 
or 30.2 per cent of the total classified sample) along with 
SN impostors and unclassified transients, we find relative 
rates for the various types of core-collapse SNe as listed in 
Table [1] and shown in Figure [1] SNe which were classified as 
a "Type Ibc" were divided between the Type lb and Ic bins, 
according to the observed ratio of these subtypes (9:17). 
Type H SNe were distributed between the IIP, IIL, lib and 
Hp-pec bins in the ratio 55:3:12:1. Uncertainties were calcu- 
lated from the standard error on a Poissionian distribution 
(i.e. as \/iV). We have made no attempt to further subdi- 
vide the Type lib SN e into the "compact" and "ex tended" 
subtypes proposed bv lChevalier fc Soderber3 l|2010l ). 

Our relative rates compare favourably with those found 
in Paper I, the most noticeable difference being the increase 
in Type lib SNe at the expense of Type Ibc events. A possi- 
ble explanation for this is that SNe are now discovered (on 
average) sooner after explosion, and so Type lib SNe which 
previously would have been detected late and classified as a 
Typ e Ibc are now corre ctly identified. 

ISmith et all l|201ll 'l measured SN rates from the LOSS 
sample, based o n those SNe sele cted for the luminosity func- 
tion analysis bv lLi et al.1 (|201ll '). with a total of 106 CCSNe 
within 60 Mpc. This is smaller than we present here, but is a 
much more homogeneous sample and is a well controlled SN 



survey. We emphasise that we are assimilating all discoveries 
and not carrying out a controlled SN search, but the results 
should be compared given the large numbers available. 

Smith et al. did not separate out the Ilpec category, 
but did separate the Ibc-pec SNe. To facilitate a comparison 
between our rates, we re-distributed the Type Ibc-pec SNe 
from Smith et al. between the lb and Ic categories (weighted 
by the Type Ib:Ic ratio), and the Type Ilpec SNe from this 
work between the Type IIP, IIL and lib categories. We find 
a good agreement between the Smith rates and those pre- 
sented in this paper for the Type lib, lb and Ic SNe. We 
find a Type IIP rate which is 7.3 per cent higher than that 
derived by Smith et al, although the uncertainties of Smith 
et al. and this work do overlap. If we combine the Type IIL 
and IIP rates, then the discrepancy is smaller, raising the 
possibility that some of our Type IIP SNe may in fact be 
Type IILs (and vice- versa for Smith et al.). Smith et al. sug- 
gest that the LOSS rates are more reliable due to the SNe 
all coming from the same survey with well controlled and 
known selection effects and good spectroscopic and photo- 
metric coverage. The latter is certainly important to distin- 
guish between II-P and II-L SNe. In Paper I we attempted 
to classify II-P SNe from literature, archive and web data 
searches and classified any type II SN that had a constant 
magnitude phase for more than 30 days a type II-P. This of 
course is not as homogeneous a dataset as that from LOSS. 
There are 23 SNe in common between the Smith et al. sam- 
ple and that presented in Paper I (there are no extra SNe to 
add from 2008-2012, as the LOSS sample stops in 2006). Of 
those, 19 are identical classifications and two have type II 
classifications by us and II-P classifications by LOSS. Includ- 
ing those two updated LOSS classifications here would make 
the II-P discrepancy worse. The other two were fairly trivial 
differences : Ic vs Ibc/IIb (2004ao) and Ibc vs lb (2004qn) in 
Paper I and LOSS respectively. Hence there is no evidence 
we can see that points to systematic miss-classifications in 
the smaller volume sample presented in Paper I and supple- 
mented here. 

The only SN type for which the rates and their uncer- 
tainties do not overlap at all are the Type Iln SNe, where 
Smith et al. find a higher rate than we do (8.8l2'| P^r cent 
versus 2.4 ± 1.4 per cent). Smith et al. attribute this to the 
fact that LOSS has better and more extensive spectroscopic 
and photometric coverage. This is difficult to assess as the 
global community certainly has extensive resources to bear 
on SNe within 28 Mpc. Classification results are rapidly re- 
ported, data are published on reasonable timescales, and we 
have made attempts to search archives and request private 
information where we can. Hence it's not clear to us that 
this statement in Smith et al. is necessarily correct. The 
Li et al. sample was produced for luminosity function work, 
which requires SNe to be "in season" and full lightcurve cov- 
erage from before explosion. This is essential for luminosity 
function measurements, but not clearly correct for rate es- 
timates. For example, long duration plateau SNe may be 
preferentially excluded as their "season" lasts longer than 
other types. It's still possible that the high Iln rate in LOSS 
is due to them being brighter and being preferentially discov- 
ered between 30-60 Mpc compared with < 28 Mpc. However 
overall, the agreement is reasonable despite the differences 
in the construction of the two samples. 

As described in Paper I for all SNe, we searched the 



© 2012 RAS, MNRAS OOP. [1^281 



The death of massive stars -II 5 



Table 1. The relative frequency of core-collapsc SN types discovered between 1998-2012.25 (14.25 yrs) in galaxies with recessional 
velocities less than 2000 kms~^, as listed in Table ET] The values in parentheses in the Number column include SNe of indeterminate 
subtype as discussed in the text. 



SN Type 


Number 


Relative rate (per cent) 


LOSS (per cent) 


IIP 


55 (70.5) 


55.5 ± 6.6 


48.2 


IIL 


3 (3.8) 


3.0 ± 1.5 


6.4 111 


Iln 


3 (3) 


2.4 ± 1.4 


Q o +3.3 
°.° -2.9 


lib 


12 (15.4) 


12.1 ± 3.0 


10.6 tli 


Ilpec (87A-like) 


1 (1.3) 


1.0 ± 0.9 




lb 


9 (11.4) 


9.0 ± 2.7 




Ic 


17 (21.6) 


17.0 ± 3.7 




Total 


100 (127) 







HST archives using the Querato][f| and MASTS webpa ses. 
For core-collapse SNe we find that out of 127 SNe, 41 of them 
had HST images taken before discovery (i.e. 32 per cent) 
with the SN falling on the HST camera field of view. For 
type la SNe the fraction was 20 out of 55 (i.e. 36 per cent). 
Many more host galaxies of SNe had observations taken be- 
fore explosion, but the SNe fell outside the small fields of 
view of the HST cameras (16 per cent of core-collapse and 
16 per cent of type la ; see Table RT|) . We also searched the 
archives for the ESO telescopefl, Gemini North and South 
telescope^, the Subaru Telescop«lE|, the William Herschel 
Telescope (WHTj^ and the Canada-France-Hawaii Tele- 
scope (CFHTfB for any SNe in a host with a recessional 
velocity of <1000 km s~^. There are other 8 meter class tele- 
scopes which could be of use for progenitor searches, such 
as the Keck telescopes and the Large Binocular Telescope, 
however the absence of publicly accessible data archives pre- 
cludes this. 



ESTIMATING PROGENITOR MASSES 
FROM SN RATES 



ISmith et al.l l|201ll ) used their observed SN rates to estimate 
progenitor mass ranges, given a standard IMF and assum- 
ing that more massive stars will undergo greater mass loss. 
They reached the conclusion that a simple single star ini- 
tial mass prescription is unable to reproduce the observed 
SN rates, and that binary evolution is a crucial factor for 
Type Ibc SNe. This is based on the relatively high rates 
of Ibc SNe and the fact that the mass range for classical, 
massive WR stars cannot reproduce th e rates from S alpeter 
IMF arguments (also see discus sion in ISmarttll2009| ) Thi s 
pro blem was originally noted by Podsiadlowski et al, (|l992l ') 
and lNomoto. Iwamoto. fc SuzukT i 19951 ) who proposed that 
around 30 per cent of stars above 8Mq could lose mass in in- 
teracting binaries and produce the Ibc SN population. Here 



^ http: / /archive. eso.org/querator/ 
^ http://archive.stsci.edu/ 

http://archive.eso.org/cms/ 
* http://cadcwww.dao.nrc.ca/gsa/ 
^ http://smoka.nao.ac.jp/ 

-"^ http: / /casu. ast.cam.ac.uk/casuadc/archives/ingarch 
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we use a more detailed stellar population model to repro- 
duce the observed rates. The main difficulty is attaching an 
observed SN type to the end point of the stellar model and 
the physical mass of H and He left in the model stars. 

To reproduce the SN rates with a binary population, we 
use synthetic stellar populations from the Binary Population 
and Spectral Synthesis code (BPASS). This code is able to 
create stellar populations of both single and binary stars , 
and is describe d in d et ail inlEldrid gc. Izzard fc Tout (2008), 
Eldrid g c fc Stanwavl l|2009l ) and .E ld ridgo, Langcr fc Tou3 
(|201ll ). In these papers it is shown that populations includ- 
ing binaries are better able to reproduce observed stellar 
populations, both resolved and unresolved. 

We have used the BPASS code to predict the rel- 
ative rates of different types of SNe determined in Sec- 
tion [2] and listed in Table [T] Our fiducial progenitor pop- 
ulations are a solely single-star population, and a mixed 
binary /single-star population with one single star for ev- 
ery binary. The models are computed for two metallicities, 
Z = 0.008 and 0.020, corresponding to the Large Maga- 
Uenic Cloud abundance and the Solar abundance respec- 
tively. We average over these values as the SNe in our sam- 
ple occur in nearby spiral galaxies which will have metallic- 
ities between these two extremes (see discussion in Paper I). 
We also note that at lower metallicities quasi-homogeneous 
evolu t ion may become importa nt (Yoon, Langcr fc NorniEi^ 
l2006l : lEldridge. Langer fc Tout! 120111 ') but we do not cur- 
rently include this pathway. We consider all stars from 5M0 
to I2OM0 in both single and binary populations. For the 
binary populations we include a range of mass ratios for 
the secondary star (q — 0.3, 0.5, 0.7 and 0.9) and a range 
of initial separations from log(o/7?0) = 1 to 4. According 
to our models, approximately two-thirds of these binaries 
interact. This is consistent with the recent observations of 
ISana et al.l (|2012t) , although those are measurements of O- 
stars with ZAMS masses of 2OM0 and greater. 

The precise configuration of a star at the moment 
of core-collapse, and how this determ ines the resulting 
SN type is still quite uncertain (e.g. iHeger et all I2OO3I : 
lEldridge fc ToutI [2004bl ). Stellar evolution codes calculate 
model stars with quantitative residual envelope masses of 
H and He and are given SN types by assuming values 
of the minimum masses required to give SNe of types 
II and lb respectiv ely (for example, see the discussion in 
iDessart et al.ll2011^ . Hence we look at this problem in a 
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different way, we insist that the model populations must 
reproduce the observed relative SN rates in Table [1] as in 
lEldridge. Langer fc Tout! (|201ll 'l. Each star in the ensemble 
is evolved to the end of core carbon burning. At this point, 
a resulting SN type is assigned to the model, based on the 
mass of the hydrogen envelope, the H to He mass ratio, and 
the fraction of He in the ejecta. Then we can determine what 
the minimum mass of H is to produce the total numbers of 
ty pe H and typ e H-P populations respectively. As suggested 
bv lSmith etal] l|201ll ). we find that a single star population 
cannot produce the observed rates of Ibc SNe 

A mixed population of binary and single stars (with one 
single star for every binary) produces end stellar points that 
can match the relative rates of type Ibc vs. H SNe if we 
assume that the final hydrogen and helium masses given in 
Table [2] are what is required to produce the various types. 
We find that a Type H SN requires at least O.OOSM© of H in 
the ejecta, while a Type HP SN must have a H to He mass 
ratio of greater than 1.05 and that the total mass of hydro- 
gen is greater than 1.5 M©. While this mass of O.OOSM© of H 
is at first sight low, it would be the mi nimum for a lib SNe . 
The synthetic spectra calculations of iDessart et al.l (|201ll ) 
show that even O.OOIM© can produce visible hydrogen lines 
(Hq in particular), as long as the surface mass fraction is 
higher than 0.01. 

For a Type lb SN we require the mass fraction of helium 
in the ejecta to be greater than 0.61, while for a Type Ic the 
He fraction must be less than this. Compar i ng th ese mass 
values to those in lEldridge. Langer fc Tout] (|201ll ) - which 
were based on the rates of Paper I - we find that they have 
changed by a similar percentage as the SN rates between 
Paper I and this paper. The most uncertain value is the 
amount of hydrogen that can be hidden in a type Ibc SNe, 
the value here being lower by a factor of 17. This difference 
is chiefly due to the larger fraction of Type lib SNe in this 
work, which causes the minimum required H mass for a Type 
II SN to be lower. 

We appreciate that this fairly simple and well defined 
classifications of the pr ogenitor models are , in reality, com- 
plicated by two factors, branch et al.l (|2002l ) show that some 
lb SNe may well contain some residual hydrog en, given good 
qualit y spectra and model photosphere fits. iDessart et al.l 
l|2012l ) discuss that it may be quite possible to get a Ic SN 
with helium in the progenitor star, when He I is not excited 
due to weak mixing of ^^Ni into the He rich regions. 

In summary we can reproduce the observed rates in Sec- 
tion 2, with a mixed population of single stars and binaries 
with one single star for every binary system, as long as we 
attach the resulting progenitor stars into SN classification 
bins with the envelope mass fractions as reported in Table 
[2] This means that one third of all progenitors have had their 
envelopes stripped by binary interactions via either Roche 
lobe overfiow or common envelope evolution (consistent with 
results found in lSmith et ahlfioilh . 

Finally it has been suggested that SNe tha t form black 
holes directly do not produce any SN display. iHeger et al.l 
l|2003l ) estimate that there will be no optical display if the 
final helium core mass is greater than I5M0; in our models 
this corresponds to a remnant mass of SM©. We have created 
a synthetic population in which we remove all core-collapse 
events with a remnant mass > SM© (approximately 10 per 
cent of all SNe). Even without these events, we find that 



Table 2. The required parameters for a star to give rise to a 
specific SN type assuming all SN are observable. 



SN 


Final 


M CO core 


M(H) 


M(H) 


M(He) 


Type 


Mass/M0 


/Mq 


/M(He) 


/Mq 




IIP 


> 2 


> 1.38 


> 1.05 


> 1.5 




II 


> 2 


> 1.38 


< 1.05 


> 0.003 




lb 


> 2 


> 1.38 




s£ 0.003 


> 0.61 


Ic 


> 2 


> 1.38 




s; 0.003 


< 0.61 



the same parameters in Table [2] can be used to reproduce 
the observed SN rates, so long as we increase the fraction of 
binaries in the population. 



4 LIMITS ON TYPE IBC SN PROGENITORS 
FROM ARCHIVAL IMAGING 

Alongside estimates from the relative rates of CCSN types, 
direct detections and upper limits on progenitors from 
archival data can help constrain their progenitor popula- 
tion. In the following section we summarise the published 
limits for Type Ibc progenitors within a recessional velocity 
limit of 2000 km s~^, and extend this sample with limits on 
an additional six SNe. 

The g eneral technique us ed is the same as that de- 
scribed in ISmartt et ahl l|2009l ). We align a pre-explosion 
image to a post-explosion image by means of background 
stars in the vicinity of the SN. We then search for a source 
coincident with the SN in the pre-explosion image. If a coin- 
cident source is identified, then its magnitude can be mea- 
sured, otherwise (as in all of the following cases) either pixel 
statistics or artificial star tests are used to set a limiting 
magnitude for a non-detection. All magnitudes quoted here 
are Vegamags. 



4.1 2000ew 

SN 2000ew was discovered b y amateur astronomers 
l|Puckett. Langoussis fc Garraddl I2OO0D . The SN 
was initially s pectroscopically c las sified as a 
Type la SN IPennefeld fc Patrij |2000D . before 
iFiUppenko. Folev fc Modiad l|200d r obtained a second 
spectrum which showed the SN to be of Type Ic. A TuUy- 
Fisher distance of 18.2 Mpc has been measured for the 
host galaxy of SN 2000ew, NGC 3810. As the coordinates 
of NGC 3810 are on the outskirts of the Virgo cluster 
(llh41m, -|-12°28') the kinematic distance estimate (13.4 
Mpc) may not be reliable. We hence adopt the TuUy-Fisher 
dist ance as a more conservativ e estimate. 

iMaund fc SmarttI (|2005bh set a limit of F606W>24.6 
on the progenit or of SN 2000ew from pre-explosion WFPC2 
imagmg, while IVan Dvk. Li fc Filippenkol (1200381 ) find a 
similar limit of F606W>24.7. Maund & Smartt estimate the 
reddening towards the SN to be E(B-V)=0.01, but as this is 
less than the foreground value from NED (E(B-V)=0.044) 
we adopt the latter. The F606W absolute magnitude is listed 
in TableU 

Late time NIR sp ectra of SN 2000ew were presented by 
iGerardv et al] l|2002l ). these are can help further elucidate 
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Table 3. HST Observational Data 



Filter 


Date 


Exposure time 




SN2001ci 








WFPC2 


F547M 


1999-03-04 


320 


W-r FOz 


t bUbW 


zUUi-Ui-Zi 


560 


Wr FCZ 


T?C COM 


iyyy-Uo-U4 


1200 


WFPC2 


F658N 


1998-11-26 


8900 


WFPC2 


F814W 


1998-11-26 


800 


WFPC2 


F814W 


1999-03-04 


140 


oiN zUUoJg 








W-r 


r 4oUW 


onni nc no 


460 


W-r FOz 


r bUbW 


1 no A rid 01 


160 


Wr FCZ 


TTO T AWT 


onni no no 


460 


SN2004gn 








WFPC2 


F658N 


2011-03-02 


1400 


WFPC2 


F606W 




600 


SN2005V 








ACS 


F658N 


2004-04-10 


700 




F814W 




120 


NICMOS 


F160W 


2002-12-04 


96 




F187N 




640 




F190N 




768 


WFPC2 


F450W 


2001-07-06 


460 




F814W 




460 




PC F606W 


2001-01-05 


560 



the nature of the progenitor. Carbon monoxide (CO) emis- 
sion was observed in the spectrum, albeit at a lower velocity 
(~2000 km s~^) than mi ght be expected for a progenitor 
with a 2.1 MqC-I-O core jlwamoto et al.lll994l ). While the 
CO velocity could be interpreted as arising from a lower en- 
ergy explosion, perhaps pointing to a less massive progeni- 
tor, it may also be explained with an asymmetric explosion 
with a largest component of the vel ocity perpendicular to 
the line of sight. We also note that iGerardv et al.l ()2002l ) 
also found narrow Hel and [Fell] lines, but no Brackett se- 
ries lines, in their spectrum which they attribute to H-poor 
material shed by the progenitor star prior to core-collapse. 



4.2 2001B 



SN 200 IB was discovered in IC 391 b vlXu fc Qiul ll200l|). and 
initiall y classified as a Type la SN by Matheson et al.l ( 20011 ) 



before Chornock fc Filippenkol l|2001 ) reclassified the SN as 



a prob able Type lb. A lightcurve was presented bv lTsvetkovl 
l|2006l) which reached a maximum of -17.5 in V , supporting 
the classification of SN 2001B as a Type lb. IC 391 has a 
TuUy-Fischer distance of 25.5 Mpc, and a recessional veloc- 
ity distance of 25.5 Mpc (fi-om NED). 

IVan Dvk. Li fc FiUppenkol l|2003d ) claimed the tenta- 
tive detection of a progenitor candidate for SN 2001B from 
an align ment to a ground-b ased natural seeing image. Subse- 
quently |MaundX^mart3 |2005b) presented late time HST 
imaging showing that the SN was offset from the candidate. 
Maund fc Smartt set an upper limit of F555W=24.30±0.15 
for the progenitor of SN 2001B, which is in agreement with 
the limit suggested by Van Dyk et al. if their progenitor can- 
didate was not the progenitor. Maund fc Smartt estimate a 
reddening of E(B-V)=0.102±0.030 from nearby supergiant 



stars, which is slightly lower than the line of sight extinc- 
tion of E(B-V)=0.14 from NED, we hence adopt the latter 
as the larger value. The absolute magnitudes are reported 
in Tabled 



4.3 2001ci 

SN 2001ci was discovered as part of the Lick Observatory 
and T enagra Observatory Supernova Searches (LOTOSS) by 
ISwiftI (|200ir ). It was noted at discovery that the SN had a 
low absolute magnitude, and it was originally suggested that 
the tr ansient may be a SN impostor. iFilippenko fc Chornockl 
l|200ll ) subsequently obtained a spectrum of the SN, and 
classified it as a highly reddened Type Ic SN, with a line-of- 
sight extinction of Ay ~ 5-6 mag. 

While NGC 3079 had been observed with HST prior to 
the SN explosion as detailed in Table O the images are not 
sufficiently deep to have a reasonable expectation of seeing 
a progenitor given the high extinction. In addition, we were 
unable to locate any high resolution post-explosion imaging 
for SN 2001ci. NGC 3079 was observed with HST-FWFPC2 
in the F300W filter on 2001 Dec 9 («6 months after the SN 
explosion) and the SN coordinates fall in the field of view, 
but it is not visible (as SNe are typically only bright at UV 
wavelengths for some weeks after explosion). We searched 
the CFHT, Gemini, Subaru, ING, TNG and NOAO archives, 
but no images of SN 2001ci were found. We have hence not 
considered SN 2001ci any further. 



4.4 2002ap 

SN 2002ap wa s disco vered in M74 by amateur astronomers 
dNakano et all l2002l) and rapidly classified as a type 
Ic SN l|Meikle et all l2002h . SN 2002ap was extremely 
energetic, and bore a striking spectrosco pic similarity 
to the "hypernovae" 1997ef and 1998 bw (jMazzali et al.l 
l2002l : iGal-Yam. Ofek fc Shem"me3 12OO2I ). The explosion is 
thought to be moderat ely asymmetric, both from early 
time spectropolarimetry (iKawabata et al.]l2002l : IWang et al.l 
I2OO3I) and modellin g of the late time nebular spectra 
l|Mazzah et~al]|2007h . 

The first attempt to de t ect th e progenitor of SN 2002ap 
was made bv lSmartt et al.l l|2002l ). who did not find a pro- 
genitor in gro und-based pre-explosi on imaging. A subse- 
quent study bv lCrockett et al.l l|2007l ) used even deeper pre- 
explosion images, which still did not yield a progenitor de- 
tection. The limits for SN 2002ap remain the deepest limits 
for a hydrogen-deficient SN to date. The 5(7 limiting mag- 
nitudes found by Crockett et al. arc B= 26. 0=b0.2 mag, and 
R=24.9±0.2 mag. The limits from ISmartt et all l|2002l ) are 
much shallower, with the exception of their U-band image, 
which is of interest for co nstraining a hot prog enitor, and 
had a 3(t limit of 21.5 mag. iHendrv et al] l|2005l ) considered 
the various measurements of the distance towards the host 
galaxy for SN 2002ap, M74, and adopted ai i average value 
of 9.3 ±1.8 Mpc, which we also adopt (as in lCrockett et all 
|2003). The total extinction ( Milky Way and host galaxy) 
towar ds SN 2002ap is given bv lTakada-Hidai. Aoki fc Zhad 
l|2002l) as E(B-V)=0.09±0.01, from a high-resolution spec- 
trum of the NalD lines. 
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4.5 2003jg 

SN 2003ig was discovered by LOTOSS ("Graha m fc Lill2003h . 
and classified by Filippcnk o fc Chorn ock (2003) as a Type 
Ic SN approximately a week after maximum light. The SN 
exploded in NGC 2997, which has a TuUy-Fisher distance 
of 12.2 ±0.9 Mpc ijHess et al.ll2009t ). which is in good agree- 
ment with the recessional velocity based distance of 12.7 
Mpc. The foreground extinction to wards NGC 2997 from 
ISchleeel. Finkbeiner fc David (| 19981 ) is E(B-V)=0.109 mag. 

Post explosion images of SN 2003jg were obtained in 
several filters with HST+ACS/HRC on 2003 Nov 18. Pre- 
explosion WFPC2 images of NGC 2997 as detailed in Ta- 
ble [3] were used to search for the progenitor. The images in 
each filter consisted of a cr-split pair, these were combined 
with the CRREJ task in iraf to reject cosmic rays. The pre- 
explosion WFPC2 F450W and F814W images were taken at 
the same pointing, with the SN position falling on the WF3 
chip. To accurately identify the SN position in these, the 
F814W image was aligned to the post explosion ACS/HRC 
F814W image. The SN position in pre-explosion F606W (on 
the PC chip) image was determined by aligning it to the 
post-explosion ACS/HRC F555W image. 

20 sources were identified common to both the F814W 
ACS and F814W WFPC2 images, and used to derive 
a general transformation with an rms error of 17 mas. 
The SN position was measured in the ACS F814W image 
(j8qgl0021_drz) to be (704.530, 259.953), with an uncer- 
tainty of 0.3 mas, which was transformed to the pixel coordi- 
nates of the WFPC2 F814W image (u6ea3803r_c0f), where 
it was found to be 246.10, 164.15, with an uncertainty of 0.2 
pixels 

The pre- and post-explosion F606W WFPC and F555W 
ACS images were aligned with an rms error of 16 mas from 
a general transformation to 29 common sources; the SN po- 
sition was measured in the post explosion image to lie at 
pixel coordinates 704.844, 259.740 in j8qgl0050_drz with 
an rms error of 1 mas. The SN position was transformed 
to the pre-explosion WFPC2 image, where it was found to 
have pixel coordinates on the PC chip of 334.99, 166.94 in 
u29rl301t_c0f, with a total uncertainty of 0.3 pixels. 

Inspection of the transformed SN position in the pre- 
explosion frames did not reveal any coincident source, as 
can be seen in Fig. [2] hstphot was run with a 3ct detection 
threshold on the pre-explosion images, but did not detect a 
source coincident to the SN at this significance. We calculate 
5cr limiting magnitudes for the progenitor of SN 2003jg to 
be F450W>24.63, F606W >24.63 and F8 1 4W> 23.70 using 
the technique described in lCrockett et all (120111 ). 



4.6 2004gk 

SN 2004gk was discovered bv lQuimbv et al.l and clas- 

sified as a Type Ic SN near maximum light. The host galaxy 
of SN 2004gk, IC 3311, is at an inclination angle of 90deg 
(from LEDA), rendering any search for the progenitor opti - 
mistic at best. We note however that lElmhamdi et al.l (|201ll ) 
report a host galaxy extinction of ^^=0.372 mag from low 
resolution spectroscopy, while from photometry the SN does 
not appear to be heavily reddened. It is hence plausible that 
while IC 3311 is edge on to our line of sight, SN 2004gk may 
have exploded relatively close to the edge of the galaxy. The 



galaxy has a negative recessional velocity as it lies within the 
Virgo supercluster, however the TuUy-Fischer distance to 
the galaxy from LEDA is ~20 Mpc. Unfortunately, there are 
no pre-explosion HST images of the galaxy, while natural- 
seeing ground based imaging is not useful at such distances. 
We have hence not considered SN 2004gk any further in the 
following. 

4.7 2004gn 

SN 2004gn was discovered with the Katzman Automatic 
Imaging Telescope (KAIT) as part of the Lick Observatory 
Su pern ova Search (LOSS) close to the nucleus of NGC 4527 
(|Li. Yamaoka fc Itagakill2003 ). The spectral classification of 
SN2004gn was not reported in an lAU CBET. Private com- 
munication from the KAIT team (B. Cenko) confirms that 
it is a H-deficient SN and a Ibc classification is reasonable. 
V\ A Nearby Supernova Factory spectrum shows it to be 
a Ibc similar to SN1990B at 90 days, which is a lb. As the 
SN was discovered late, we cannot rule out that there was 
residual hydrogen at early times that has disappeared, but 
with the lack of early data we assume a classification of Ibc. 
We found very late time spectroscopy of the SN location 
from the WHT in the ING archive, however no fiux from 
the SN was present and so this was of no use for this work. 

Besides SN 2004gn, NGC 4527 was also host to the pe- 
culiar Type la SN 1991T. Subsequently, the galaxy has been 
the subject of numerous Cepheid studies with HST to ob- 
tain an indep endent measure of the distance. The most re- 
cent of these (|Saha et al.ll200d ) found a distance of 14.2±1.3 
Mpc towards NGC 4527. SN 1991T itself implies a dis- 
tance of 14.1 Mpc from fits to the multi-colour light curve 
(|jha. Riess fc KirshneI^l2007^ . We have adopted the average 
of these two values (14.2±1.3 Mpc) as the distance towards 
the host. The extinction towards SN 2004gn is poorly con- 
strained, as we have no spectra, or information on phase 
to allow us to compare the magnitude to other Type Ibc 
SNe. Hence we adopt the foreground extinction from NED, 
Av=0.07 mag, as a lower limit to the extinction. 

Broad-band pre-explosion images for SN 2004gn (as 
listed in Table E)) consist of two 300s WFPC2 F606W im- 
ages, where the SN falls on the WF3 chip. Unfortunately no 
post explosion images of the SN were discovered during our 
archival search. As an alternative to a direct alignment be- 
tween pre- and post- explosion frames, we attempted to use 
three isolated SDSS point sources to register the combined 
WFPC2 WF3 image to the celestial WCS. Attempting to 
solve this with only three sources means we are over fitting 
the data, and it does not make sense to quote an rms error 
in the alignment. However, by inspection of the positions of 
other SDSS sources (which were not used in determining the 
transformation, as they are extended), we believe that the 
accuracy of the registration is <l". 

The RA and Dec of SN 2004gn as reported on the lAU 
webpages correspond to pixel coordinates of 77.8, 204.0 on 
the WF3 chip (using the new WCS solution). We ran hst- 
phot with a detection threshold of 3(t. Within a l"radius 
of the reported SN coordinates (shown in Fig. [3|, we find a 

12 http://astro.berkeley.edu/bait/public_html/2004/sn2004gn.html 
http:/ /www. rochesterastronomy.org/sn2004/sn2004gn.jpg 
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(a) Prc-cxplosion WFPC2/WF3 (b) 
F450W image F606W image 




Pre-cxplosiou WFPC2/PC (c) Pre-cxplosioii VVFPC2/WF3 (d) Post-explosion ACS/HRC 

F814W image F814W image 



Figure 2. Pre-explosion HST+WFPC2 images of the site of SN 2003jg, plus a post-explosion HST-t-ACS image. Scale and orientation 
for each panel is identical to that indicated in the post-explosion image. The circle in the upper right corner of each panel has a radius 
equal to 5 times the rms error in the position of the supernova in that image. 




4.8 2004gt 



Figure 3. Prc-cxplosion HST WFPC2 image of the site of SN 
2004gn, taken with the F606W filter. As no post-explosion images 
were available, we show a 1" (dashed line) and 2" (solid line) radius 
around the published coordinates for the SN. 



single source detected above the 5a level, at a magnitude of 
F606W=25.4. Six other sources are detected above Scr, but 
below 5a, and with magnitudes between 25.4<F606W<25.9. 
Within the larger annulus, seven sources are detected above 
the 5a level, the brightest of which has a magnitude of 
F606W=24.2. The brightest source has a large x value, and 
a sharpness parameter which is more negative than would be 
expected for a single star. In fact, all of the sources detected 
by HSTPHOT have negative sharpness, suggesting that these 
are not stellar, but rather that hstphot is detecting un- 
resolved background structure. Nevertheless, we adopt the 
magnitude of the brightest source detected by hstphot as 
our limit for the progenitor magnitude, i.e. F606W>25.4. 
The F658N images were examined, but no Ha excess was 
seen at the SN position. 



iMonardI (|2004l ) discovered SN 2004gt in NGC 4038; the 
SN was s pcctrosc opically classifie d as a Type Ic SN. 
iKinugaslirKawakita et al. Yamaokal (|2004l ) suggested that 
it was difficult to distinguish between the lb and Ic sub- 
classes therefore we take the conservative approach and label 
the SNe as Type Ibc. NGC 4038 is part of a weU the studied 
interacting galaxy pair Arp 244, better known as the An- 
tennae galaxies. Despite extensive observations of the An- 
tennae, th eir distance is still a matte r of som e debate in the 
literature. ISaviane. Hibbard fc RichI l|2004l ') derived a dis- 
tance of 13.8±1.7 Mpc from the tip of the red giant branch 
(T RGB) using HST WF PC2 imaging. This value was revised 
bv lSaviane et al.] (|2008l ) to 13.3±1.0 Mpc, based on deeper 
images from HST-I-ACS. The TRGB distance is consider- 
ably closer than that expected given the recessional velocity 
of Arp 244, which implies a distance of ~20 Mpc. The discov- 
ery of the Type la SN 2007sr in NGC 4038 provided an in- 
dependent measurement of the distance from a fit to the SN 
lightcurve, yielding a value of 22.3±2.8 Mpc, in d isagreement 
with the TRGB estimate (jSchweizer et al.l l2008'\ Schweizer 
et al. suggest that Saviane et al. have misidentified the 
TRGB, and present a re-analysis of the HST data used by 
the latter which brings the TRGB distance into accord with 
that from SN 2007sr. We follow the suggestion of Schweizer 
et al. in adopting 22±3 Mpc as the distance for NGC 4038, 
based on an average of the values from the recessional ve- 
locity, re-calibrated TRGB, and SN 2007sr. The extinction 
towards SN 2004gt has been taken as E(B-V)=0 . 07±q .01, 
following the lead of lMaund. Smartt fc Schweizer! (|2005l V 



Both Maund. Smartt fc Schweizer! l|2005h and 



[g^ -Yam et al.l (|2005l ) presented limits on the progeni- 



tor of SN 2004gt from pre-explosion HST images. Maund 
et al. found limits of F336W > 23.04, F439W > 24.56, 
F555W > 25.86 and F814W > 24.43. The hmits found by 
Gal- Yam et al. are similar, but as their values are quoted in 
UBVI rather that the HST flight system these cannot be 
compared directly. Gal- Yam et al. also present a limit from 
a pre-explosion STIS image of >23.4 for the far-UV. Using 
this new distance and extinction we determine upper limits 
for the absolute magnitudes for the progenitor of SN2004gt 
in Table[4l 
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4.9 2005V 

The host galaxy of SN 2005V, NGC 2146, is a starburst 
galaxy, and is thought to have a large population of recently 
formed massive stars. However, the absence of an overabun- 
dance of supernova remnants may indicate that the star- 
burst is at an earlie r stage than similar galaxies such as M82 
l|Tarchi et al.| l2000V The kinematic and TuUy-Fischer esti- 
mates for the distance towards NGC 2146 agree well (17.2 
and 16.9 Mpc respectively), however the sosies estimate is 
significantly larger at 27.7 Mpc. As NGC 2146 appears to 
have a slightly irregular morphology, it is possible that the 
sosies method is not a reliable measure in this case. We have 
hence discarded this measure, and adopted the mean of the 
kinematic and TuUy-Fischer distances. 

iMattila et al] (|2005h discovered SN 2005V in the near 
infrared, although the early time J-H and H-K colours of 
the SN do not support very high levels of extinction. Mat- 
tila et al. find J-H=0.1 mag, H-K =0.2 mag for SN 2005V, 
which is indistingui shable from the the typical J-H and H-K 
colours of Ibc SNe (|Hunter et al.|[2009l ) . iTaubenberger et al.l 
l|2005al ) classified the SN as a Type Ibc, but with a strong 
NalD absorption (EW = 5.5 A) and a red continuum which 
does indicate significant reddening. Unfortunately there is 
no published photometry of SN 2005V, so we cannot com- 
pare the optical colours and absolut e magnitude to other 
Type Ibc SNe. Using the relation of iTuratto et all (|2003l ) 
between NaD absorption and reddening, we infer E(B- 
V)~0.9, however we are somewhat sceptical of the verac- 
ity of this estimate du e to the large scatter in the relation 
jPoznanski et al.]|201ll ). Nonetheless we adopt E(B-V) as 
the conservative option, as an oiierestimate of Ay will only 
serve to make our limits less restrictive. On a more qualita- 
tive level, we also note that the SN is close to the nucleus 
of the galaxy, that a large number of dust lanes are seen in 
the HST images, and that the SN position is offset by ~0.15 
"from one of these lanes. 

Pre-explosion WFPC2 images as listed in Table O were 
downloaded from the HST archive. Cr-split pairs were com- 
bined with CRREJ to remove cosmic rays. The SN position 
lies on the PC chip in the F606W image, and on the WF3 
chip in the F450W and F814W filter images, as shown in 
Fig. U To identity the SN position in the pre-explosion im- 
ages, we used images of the SN obtained with the ACS/HRC 
on 2005-08-08. 

The F606W pre-explosion was aligned to the F555W 
post-explosion image. 26 sources were used to fit a gen- 
eral transformation with an rms error of 0.164 WFPC2/PC 
pixels, corresponding to 8 mas. The SN position was mea- 
sured in j90n04020_drz to be 578.770,609.971 with an er- 
ror of ^1 mas. The SN position was transformed to the 
pre-explosion image, where it was found to have pixel coor- 
dinates 331.27,411.27 in u67nl801r_c0f.fits, with an uncer- 
tainty of 0.16 pixels. HSTPHOT did not detect a coincident 
source at the 3(t level, and we calculated the limiting 5(t 
magnitude as before to be F606W>24.76. 

The F814W pre-explosion image was aligned to the 
post-explosion F814W image with 17 sources, for an rms 
error of 0.17 WFPC2/WF pixels, or 17 mas. The SN posi- 
tion was measured in the ACS/HRC F814W image to an 
accuracy of 1.5 mas, and transformed to the pre-explosion 
WFPC2 F814W image. We derived transformed coordinates 



of 140.19, 94.01 for the SN in u6ea2803r_c0f. No source was 
evident at the SN location, and hstphot detected no source 
at the 3(7 level or above in either the F450W or F814W im- 
ages. We calculate 5a" limiting magnitudes for the progenitor 
of SN 2005V of F814W>22.80, F450W>24.05. 

The ACS pre-explosion images were also examined. The 
F814W image showed no source coincident with the SN, and 
as the limit is comparable to that from the WFPC2 F814W 
image, this was not considered any further. The F658N im- 
age (narrow-band Ha) showed fiux at the SN position, but 
as there was no corresponding continuum observations, it 
was unclear whether this fiux comes from Ha emission or 
was simply from the high background levels. The NICMOS 
data were taken with the NIC3 camera, which has a pixel 
scale of 0.2". The narrow band images were not examined 
in details, while the broad band F160W image was too shal- 
low to be of use, especially for constraining a compact (and 
presumably hot) progenitor. 

4.10 2005at 

SN 2005at exploded in NGC 6744, at a distance of 14.1 ±2.8 
Mpc. Unfortunately the SN suffers from a high level of ex- 
tinction (Av ~ 2.3 ± 0.3, E. Kankare, private communica- 
tion), while the pre-explosion data consists of ground-based 
imaging (from VLT-hFORS,VIMOS,ISAAC and the ESQ 
2.2m-|-WFI) rather than from HST. Using the ESQ expo- 
sure time calculator^3 we estimated 5(t limiting magnitudes 
for the pre-explosion images, and took these together with 
the distance modulus and extinction Av ~ 2.3 to estimate 
the absolute magnitude reached be the pre-explosion data. 
As the absolute magnitude reached is between -9 and -11 
mag, which is between 1.5 and 3.5 mags brighter than the 
most luminous WR star in Fig. [8l these are of no use for 
constraining the progenitor. Furthermore, late time images 
of NGC 6744 obtained in 2009, when subtracted from the 
pre-explosion images show no sign of a progenitor disappear- 
ance (E. Kankare, private communication). We have hence 
not considered SN 2005at any further in this work. 



4.11 2007gr 

SN 2007gr is a Type Ic SN which exploded in NGC 1058; the 
SN was first discovered b v iMa dison & Li (2007), and spec- 
troscopically classified bv lChornock et al.l (120071 ). The pho- 
tometric evoluti£n_ofSJ^007gr was similar to that of SN 
2002ap (|Hunter et al.ll2009l ). but with marked spectroscopic 
differences. Where spectra of SN 2002ap resembled those of 
the broad-lined Ic 1998bw, SN 2007gr is spectroscopically 
similar to a prototypical Type Ic such as SN 19941. The 
spectra of SN 2007gr were also notable for the presence of 
strong carbon absorption (jValenti et al.ll2008a|). Modelling 
of late time nebular spectra for SN 2007gr I Mazzali et al.l 
2010) suggests an ejected oxygen mas of O.8M0, which im- 
plies that the CO-core that exploded resulted from a star 
with ZAMS mass ~15M0. Such a progenitor would not have 
been massive enough to lose its H and He envelopes through 
stellar winds, and so must have been stripped as part of a 
binary system. 



http: / / www.cso.org/observing/ etc / 
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(a) Prc-explosioii VVF1'C2/\VF3 (b) Pre-cxplosiou 
image F606W image 



WFPC2/PC (c) Pre-cxplosiou WFPC2/WF3 (d) Post-explosion ACS/HRC 
FSUW image FSMW image 



Figure 4. Pre-explosion HST-I-WFPC2 images of the site of SN 2005V, plus a post-explosion HST-I-ACS image. Each panel covers a 
5"x5"region. Scale and orientation for each panel is identical to that indicated in the post-explosion image. 



It was claimed by IParagi et all (|2010l ) from radio in- 
terferometry that SN 2007gr was expanding at relativistic 
velocities. Together with the absence of extremely high ve- 
locities in optic al spectra, and the p olarization seen in spec- 
tropolarimetry (|Tanaka et al.ll2008t ). Paragi et al. explained 
the properties of SN 2007gr with a small amount of ma- 
terial in a low-energy, bipolar jet (seen in radio), coupled 
with mildly aspherical, non-relativi stic ejecta. Howe v er, thi s 
interpretation was questioned by ISoderberg et al.l l|201Cf ). 
who claimed from X-ray and radio data that they could 
fit the evolution of the SN at these wavelengths with a non- 
rela tivistic ejecta. 

ICrockett et al.l (|2008l ') used pre-explosion HST and post- 
explosion Gemini images to show that the SN exploded on 
the edge of what appears to be either a small compact clus- 
ter or a bright supergiant star. Assuming it to be a clus- 
ter and fitting of the cluster age yielded uncertain results; 
Starburst99 models give an age of 7±0.5Myrs or 16 to 21 
Myrs with progenitor masses of 2 8±4M(:) and 14 to IIM0 re- 
spectively (|Crockett et al.| [ 200 8!). Regardless of whether the 
nearby source is a star or a cluster, Crockett et al. (2008b) 
estimated detection limits for an unseen, point-like progen- 
itor; F450W > 23.7 and F814W' > 21.7. These are not as 
deep as typical HST WFPC2 images due to the proximity of 
the SN to this bright object. Assumi ng E(B-V) = . 08 an d 
a distance of 10.6 Mpc as adopted in lCrockett et all l|2008l ). 
this corresponds to absolute magnitude limits for the unseen 
progenitor of FA^OW > -6.7 and F814W > -8.6. 

4.12 2010br 

SN 2010br was discovered in NGC 4051 by amateur as- 
tronomers jNevski ct al. 2 01oh and spectro scopically classi- 
fied as a Type Ibc SN ([Maxell et alJbOlOl ). NGC 4051 has 
a recessional velocity distance of 12. 7 Mpc (via NED) , and 
a TuUy-Fischer distance of 12.2 Mpc (ITuIIv et al.ll2009l '). We 
adopt the average of these two values, 12.5±0.3 Mpc, as the 
distance to NGC 4051. The foreground extinction towards 
SN 2010br is Av=OM mag, from NED, which we adopt as 
a lower limit to the extinction. 

HST pre-explosion imaging consisted of a sin- 
gle WFPC2 F606W image taken on 1994 June 06 
(u2e64a01t_c0f). Unfortunately the image was not taken as 
a cr-split pair, so we have been careful to ensure that there 



are no cosmic rays in the image at the position of SN 2010br. 
The SN fell on the PC chip, and so we aligned the PC chip 
only to a 2340s post-explosion image taken in the F547M 
filter with WFC3 on 2010 July 17. Using 16 sources we ob- 
tained an rms error of 0.2 pixels (10 mas) in a general fit. 
The SN position was measured in the post-explosion image 
(ib5e04010_drz) to be 2002.08, 2067.76, with an rms error 
of ^1 mas. The SN position was transformed to the pre- 
explosion image, where it was found to be 670.77, 724.56 on 
the PC chip. We show the images in Figure [5] 

No source was detected by hstphot when it was ran 
on the pre-explosion image with a 3a threshold. Using the 
same method as previous, we calculate a limiting magnitude 
of F606W^ > 25.7 for the progenitor of SN 2010br. 

4.13 2011am 

iBock. Parker fc Brim acombc' ('2OII') di scovered SN 2011am 
in NGC 4219, and .Morrell. S tritzin ger fc Hoi ([2OII ') clas- 
sified the SN shortly after as a young Type lb SN. Mor- 
rell et al. noted the presence of strong NalD absorption at 
the redshift of th e host, suggesting significant extinction. 
ITuUv et al] l|2009l ) gives a TuUy-Fisher distance for the host 
of 21.0, while the kinematic distance from NED (corrected 
for infall on Virgo, GA and Shapely) is 22.5 Mpc. We adopt 
the TuUy-Fisher distance. 

Pre-explosion imaging of the site of SN 2011am consists 
of a 600s WFPC2 exposure in the F606W filter, obtained 
on 1996 March 16. The SN position lies close to the edge 
of the PC chip. We attempted to obtain an adaptive op- 
tics image of SN 2011am with the VLT+NaCo, however the 
correction obtained was unsatisfactory due to poor condi- 
tions at the time of the observations. Instead, we used an 
7?-band image obtained of SN 2011am on 2011 Mar 27 with 
the NTT-I-EFOSC2 under good (~0.8") seeing conditions 
to identify the progenitor. The EFOSC2 image was aligned 
to a pre-explosion Hubble Legacy ArchivJ^ (HLA) mosaic 
(u3321601b_drz.fits) to an accuracy of 75 mas. The HLA mo- 
saic was then in turn aligned to the PC chip image, where 
the transformed SN position was found to be 724.10,355.78, 
with an uncertainty of 76 mas. 

As shown in Figure|S]SN 2011am is close (but probably 

1^ http://hla.stsci.edu/ 
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(a) Prc-explosion WFPC2/PC image 




(b) Post-explosion WFC3 F547M image 

Figure 5. Pre-explosion HST+WFPC2 image of the site of SN 
2010br, plus post-explosion HST-I-WFC3 image. Each panel cov- 
ers a 5"x5"region. Scale and orientation for each panel is iden- 
tical to that indicated in the post-explosion image, the circle in 
the upper right corresponds to 5 times the positional rms error. 



not coincident with) a source with F606W = 24.204±0.003. 
This source is also classified by hstphot as extended. The 
formal 5a limit for the progenitor is 25.8 mag. The extinc- 
tion towards SN2011am is uncertain but is almost certainly 
significant. The spectrum at around -6d from Morrell et al. is 
significantly redder tha n that of SN2007Y at a similar epoch 
(-7 days from Stritzinger et al.|[2009. ). We de-reddened the 
spectrum of SN2007Y by E{B-V) = 0.112 as estimated by 




Figure 6. Prc-explosion HST+WFPC2 image of the site of SN 
2011am. The panel covers a 5"x5" region, scale and orientation 
are as indicated. The circle in the upper right corresponds to the 
positional rms error. 



'strit zinger et al] l|2009t ). and de-reddened the spectrum of 
SN2011am to match the blue continuum of SN2007Y, find- 
ing a very good match with E{B — V) = 0.6 ± 0.1. The 
intermediate resolution spectrum of Morrell et al. nicely 
resolves the NaDl and D2 lines in the Milky Way and 
NGC4219. The Milky Way components equivalent widths 
for Dl (5897A) and D2 (589lA) are 0.34A and 0.39 A Respec- 
tively. Using the lPoznanski. Prochaska. fc BloomI ||2012D re- 
lation this suggests E(B—V) = 0.1±0.02, which is in reason- 
able agreement with the dust map line of sight estimate of 
ISchlegel. Finkbeiner fc David l| 19981 ) E{B-V) = 0.13. How- 
ever there is very strong absorption in the ISM of NGC4219, 
giving equivalent wi dths for Dl (5897A) and D2 (589lA) o f 
0.86 and 1.26A. The lPoznanski. Prochaska. fc BloomI (|2012l ) 
relation saturates at equivalent widths of around 0.7A, hence 
can't be reliably used and we note that applying it would 
give values of E{B — V) = 2.3 — 6.5, both of which would 
give unphysical blue spectral slopes and unrealistic absolute 
magnitudes. Hence we adopt E{B — V) = 0.6 ± 0.1. The 
corresponding absolute magnitude is given in Table|3] 



4.14 2011hp 

SN 2011hp exploded in the same galaxy as SN 2011am, 
and s o we adopt the same distance of 21.0 Mpc (Tullv et al.l 
l2009t ). The SN was first discovered by iMonardI (1201 lal ). 



and classified bv lStrizinger fc Foley' feoill) as a Type Ic SN 
discovered around maximum light. Fr aser et al.l l|2011bl ) re- 
ported a limit for the progenitor of F606W >26. 

The pre-explosion image for SN 2011hp is the same as 
that used for SN 2011am. Unfortunately we have no high res- 
olution imaging for SN 201 Ihp, and so we are forced to rely 
on the same natural seeing image as used by Fraser et al.l 
(|2011bl ) for a progenitor identification. We confirm the po- 
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sition measured by Fraser et al. in the mosaic of all four 
WFPC2 detectors, where the SN falls on the WF4 chip, as 
shown in Fig. [T] However, we find a shallower limit than 
that reported by Fraser et al., and calculate a new 5a limit 
for the progenitor of SN 201 Ihp of F606W > 25.5. 

The spectra of 2011hp are also redder than normal, in- 
dicating significant line of sight extinction similar to SN 
2011am. We used a spectrum from the ESO programme 
184.D-1140 with EFOSC2 on the NTT (3500-9000A, res- 
olution 17. 7A) taken at -|-15d after peak (Elias-Rosa et 
al., in prep) to compare with the low extinction type Ic 
2007gr. The spectrum of 201 Ihp needs to be dereddened by 
E{B—V) ~ 0.5 to match the spectral shape of 2007gr (when 
it is dereddened by E{B — V) — 0.092 ). Ifence we adopt 
E{B — V) = 0.5, resulting in the absolute magnitude limit 
reported in Table[4l 



4.15 2012au 

SN 2012au was identified in the Catalina Sky Survey, and 
subse quently classified as a Type lb SN ^Silverman et al.l 
120121 '). The host galaxy, NGC 4790, has a recessional ve- 
locity distance (Virgo corrected) of 21.8 Mpc, and a TuUy- 
Fischer distance of 23.6 Mpc (both from NED). We adopt 
the latter, corresponding to /i=31.9, and a foreground ex- 
tinction of Av = 0.13. Pre-explosion imaging consists of 
2xl60s images in each of F450W, F606W and F8UW, 
taken with HST-I-WFP C2. We did not obtain an AO image 
of SN 2012au, however IVan Dvk et all (120121 ') set 3a upper 
limits of FAbOW > 24.8, F606W > 25.8 and _F814W > 25.1 
from an alignment with a natural seeing image. Van Dyk et 
al. also identified a source slightly outside the transformed 
SN position (offset by 0.2") in the F450W-filter image, with 
a magnitude of F450W=24.4. This corresponds to an abso- 
lute magnitude in B of —7.2 mag. We have re-estimated the 
limiting magnitudes in these images at the position of the SN 
and find significantly brighter limiting magnitudes, due to 
the very high sky background in this vicinity. We determine 
5a limiting magnitudes of F814W> 23.4, F606W> 24.5 and 
F450W> 24.1. 



5 LIMITS FOR THE SAMPLE 

Table[4]contains the detection limits for twelve hydrogen de- 
ficient core-collapse supernovae. We have not listed metal- 
licity information for these progenitors due to the lack of 
homogeneous measurements for the host-galaxies. However 
all the hosts are large spiral galaxies and therefore are ex- 
pected to have metallicities in the range between that of 
th e Magellanic Cloud s and the Milky Way (see discussion 
m ISmartt et aT]|2009l ). Distances in Tabled] are as discussed 
in the text. To gain insight into the progenitors of Type 
Ibc SNe, we compare our observed limits to a number of 
different plausible progenitor populations. 



5.1 Limits on progenitors from the observed WR 
star population 

A reasonable hypothesis is that the type Ibc SNe come from 
massive Wolf Rayet stars. These are stars which will produce 




Figure 7. Prc-cxplosion HST+WFPC2 image of the site of SN 
2011hp. Tlie panel covers a 5"x5"region, scale and orientation 
are as indicated. The circle in the upper right corresponds to the 
positional rms error. 



Fe-cores and have atmospheres devoid of hydrogen and he- 
lium (the WN and WC+WO stars respectively). The clas- 
sical WR stars are thought to arise in very massive stars 
that loose their envelopes through stellar winds, potentially 
enhanced by binary interaction and stellar rotation. These 
stars appear to be in clusters with turn-off masses that im- 
ply lower limi ts of > 25Mq in the Milky W ay and Magel- 
lanic Clouds ()Massevl [2OO3I : ICrowtherl l2007l ). Due to their 
high temperatures and high mass-loss rates, the WR stellar 
radii, masses and bolometric corrections are highly variable. 
With the strong emission line spectra, this leads to a large 
range in the absolute magnitudes of the stars. Hence there 
is no easy way to set meaningful luminosity or mass limits, 
as c an be done for non-detections of I I-P progenitor stars 
(e.g. ISmartt et al] l2003l : I Van Dvk. Li&i Filippenkg ,20033 ) 



and we need a simpler comparison method. If we assume 
that this population of stars are responsible for the type Ibc 
SNe that we see locally, we can test if our non-detections 
are significant. In other words, what is the probability that 
we have not detected a progenitor star simply by chance? 
Of course this assumes that the WR stars that we observe 
now do not change their optical fluxes significantly before 
core-collapse, and we discuss this debatable point below. 

We compare our limits to the observed mag nitude dis- 
tribution of WR stars in the LMC. iMassevI (|2002n presented 
a catalogue of U BVR pho tometry for stars in the LMC, and 
used the WR catalogue of iBrevsacher. Azzopardi. fc Testoil 
(1999) to report broad-band magnitudes for isolated WR 
stars. This is reasonably complete, and covers a large range 
of WR luminosities and optical magnitudes. As the cata- 
logue of Massey contains BVR magnitudes for WR stars 
(whereas most of our progenitor limits are in the HST 
F450W, F555W and F8UW filters) we have calculated 
HST - Johnson-Cousins colours for each of the WR spec- 
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Table 4. Properties and limits for the observed progenitors in our sample. The broad-band magnitudes with asterisks next to the value 
are in the standard Johnson-Cousins broad-band filters, the rest are HST filters with: J/-F336W, B-F45QW , V-FbbbW, R-F&OQW 
and 7-^8141^. 



SN 


SN 
Type 


Galaxy 


Dist(Mpc) 


E(B-V) 


Mu 


Mb 


Mv 


Mr 


Mi 


2000ew 


Ic 


NGC3810 


18.2±3.3 


0.04 








-6.81 




2001B 


lb 


IC391 


25.5±2.5 


0.14 






-8.25 






2002ap 


Ic 


NGC628 


9.3±1.8 


0.09 


-8.85* 


-4.4* 




-5.5* 




2003jg 


Ic 


NGC2997 


12.5±1.2 


0.11 




-6.30 




-6.16 


-6.99 


2004gn 


Ic 


NGC4527 


14.2±1.3 


0.07 








-5.55 




2004gt 


Ibc 


NGC4038 


22±3 


0.07 


-9.15 


-7.44 


-6.07 




-7.49* 


2005V 


Ibc 


NGC2146 


17.1±3.2 


0.90 




-10.60 




-8.80 


-9.93 


2007gr 


Ic 


NGC1048 


10.6±1.3 


0.08 




-6.7 






-8.6 


2010br 


Ibc 


NGC4051 


12.7±2.0 


0.04 








-4.92 




2011am 


lb 


NGC4219 


24.5±5.6 


0.60 








-7.44 




201 Ihp 


Ic 


NGC4219 


24.5±5.6 


0.50 








-7.46 




2012au 


lb 


NGC4790 


23.6±2.0 


0.04 




-8.0 




-7.5 


-8.6 



tral types, and used these to convert the BVR magnitudes 
in the lMa sscv (2002) catalogue to the HST filter system. 

We first fitted a function of form Ax + B to the ef- 
fecti ve temperatures of a sample of Gal actic WR stars 
from lHamann. Grafener fc LiermannI (|2006h of spectral type 
WNa;; where A and B are fitting coefficients. As there were 
no WNl stars in the sample of Harmann et al., we have as- 
sumed a temperature of 180kK for this subtype. From this 
fit, we have estimated a temperature for each of the WN 
spectral types, as listed in Table[5] Temperatures for the WO 
and W C stars were taken from ISander. Hamann fc Todt] 
l|2012l) . We then do wnloaded model WR spect ra from the 
Potsdam database l|Hamann fc Grafeneill200i ), 

appro- 
priate to the temperature of each WR subtype. Models 
were available for a range of radii at each temperature; 
we have taken the models with the largest and smallest 
radii as the extreme cases. For each model, we used the 
IRAF.SYNPHOT package to perform synthetic photometry on 
the flux-calibrated model spectrum, and from this calculate 
a colour as listed in Table (5] 

Along with spectral type, the colours of the WR stars 
depend strongly on radius, as the emission lines which domi- 
nate WR spectra are stronger in more compact models. The 
emission line strength will also depend on the wind velocity 
of the WR star. As these are largely unquantified uncertain- 
ties, we will simply adopt average FAbOW-B , F555W-V and 
FmQW-R colours for each of the WN, WC and WO types, 
as listed in Table [S] 

We plot the observed sample of WR stars in Figure [S] 
along with the limits from our progenitor sample in each of 
the F450W, and F606W filters. 

It is trivial to calculate the probability of not detecting 
any Type Ibc progenitor thus far, assuming they are ran- 
domly drawn from the population of WR stars shown in 
Fig. [8l For each progenitor with a limit in B,V or R listed 
in Table |31 we count the number of WR stars with a mag- 
nitude brighter than this limit. For most of our Type Ibc 
SN sample, less than ~10 per cent of WR stars are brighter 
than our limit (and hence can be ruled out). We can then 



http: www. astro. physik.uni-potsdam.dewrhPoWR 
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«'N9 WN8 WN7 WN6 WN5 WK4 WK3 WN2 WNl WC5 WC4 W03 
Wolf-Rayet Spectral Type 

Figure 8. Limiting magnitudes for the progenitors of Type Ibc 
SNe (indicated with arrows), compared to the observed magni- 
tudes of LMC WR stars from Masscy ( 2002 ) . WR star magnitudes 
have been converted to F450H^, F555VK and F%0%W (indicated 
by blue, green and red diamonds or arrows) as described in the 
text, and corrected for foreground extinction {E{B — V) = 0.080) 
and the distance of the LMC (/i — 18.50 mag). All progenitor 
limits are in the HST filters, with the exception of those for SN 
2002ap, which are in the Johnson-Cousins filter system. 



calculate the probability of not detecting any Type Ibc pro- 
genitors to date asP = 11(1 — f„), where Fn is the fraction of 
WR stars brighter than a particular Type Ibc SN progenitor 
limit. Using all the limits in Table |4l we find a probability 
of only 15 per cent that we would not have seen a Type Ibc 
progenitor thus far. 

The WR stars in the LMC which are plotted in Figure 
[8] are a mix of massive binaries and single stars, while it 
is of course a single star that explodes. However this does 
not matter for our test, as if the typical WR population 
of the LMC were giving rise to Ibc SNe we should see the 
progenitor stars or their binary systems. 

We have performed a similar proba bility calculation for 
the sample of WR stars described by iBibbv fc Crowtheil 
l|2O12l . l2O10f ). Here their sample is biased towards brighter 
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Table 5. Adopted temperature scale for WR types, together with colours from synthetic photometry of Potsdam models. For each colour, 
the two values listed are the colour as calculated from the model at that temperature with the smallest and largest radii respectively. 



WR Type 


Models (Rmin Rmax) 


Tcff(kK) 


F450W-B 


F555W-V 


Fmew-R 


F81AW-I 




Uo-lU — UO-U4 


oU 


0.026 


— 0.042 


-0.043 — 


-0.018 


-0.047 — 


-0.090 


-0.102 


0.090 


WN8 


04-15 — 04-04 


35 


0.000 


— 0.041 


-0.074 — 


-0.022 


0.016 — 


-0.086 


-0.127 


0.085 


WN7 


05-16 — 05-04 


40 


-0.002 


— 0.041 


-0.081 — 


-0.030 


0.020 — 


-0.090 


-0.123 


0.081 


WN6 


07-18 — 07-04 


50 


-U.UUD 




-U-Vjyu — 


-U.UoZ 




-u.uyz 


-U- llO 


— -U.UOo 


WN5 


09-20 — 09-04 


60 


0.004 


— 0.051 


-0.074 — 


-0.029 


0.035 — 


-0.094 


-0.119 


0.044 


WN4 


11-21 — 11-06 


75 


0.003 


— 0.045 


-0.088 — 


-0.038 


0.019 — 


-0.096 


-0.078 


0.042 


WN3 


13-21 — 13-08 


100 


-0.001 


— 0.039 


-0.133 — 


-0.040 


-0.01 — 


-0.086 


-0.079 


0.026 


WN2 


17-21 — 17-12 


150 


-0.069 


— 0.037 


-0.207 — 


-0.042 


-0.03 - 


- -0.08 


-0.139 


0.025 


WNl 


18-21 — 18-13 


180 


-0.083 


— 0.032 


-0.226 — 


-0.043 


-0.031 — 


-0.076 


-0.096 


0.023 


WN 


mid-range 






-0.016 




-0.122 




-0.030 




-0.162 


WC5 


11-18 — 11-06 


80 


0.041 


— 0.045 


-0.059 — 


-0.034 


0.001 — 


-0.095 


-0.879 


0.875 


WC4 


15-22 — 15-09 


120 


0.010 


— 0.040 


-0.099 — 


-0.042 


0.019 — 


-0.121 


-0.712 


0.648 


WC 


mid-range 






0.028 




-0.071 




-0.051 




-0.764 


W03 


19-26 — 19-24 


200 


0.004 - 


- -0.064 


-0.102 


-0.204 


0.037 - 


- 0.168 


-0.727 


0.667 


WO 


mid-range 






-0.03 




-0.153 




0.103 




-0.697 



magnitudes with no stars in their sample below a AIv — —4. 
If we assume this is representative of the progenitor popula- 
tion then the probabilities in Table [6] decrease. For example, 
our most restrictive event SN 2002ap would have a probabil- 
ity of 0.01. The probability for the entire population would 
be 4 X 10~® and so essentially zero, even without this SN. 
This demonstrates how difficult it is to detect Wolf-Rayet 
stars in other galaxies at great distances let alone progeni- 
tors that may also be fainter than these Wolf-Rayet stars. It 
also demonstrates that this bright end of the WR luminosity 
function is almost certainly not producing the Ibc SNe that 
we see in the local Universe. 



5.2 Limits on progenitors from population 
modelling 

Comparing the progenitor limits from archival imaging to 
the observed population of Wolf-Rayet stars is the sim- 
plest approach to constraining the progenitor population of 
Type Ibc SNe. However, it is limited by the fact that ob- 
served Wolf-Rayet stars will lie within a range of different 
evolutionary states, with some stars closer to core-collapse 
than others. It is possible that Type Ibc progenitors become 
fainter in optical bands as they evo lve closer to the point of 
core-collapse (e.g. lYoon ct al.' 2012'). To account for this we 
compare our observed progenitor limits to synthetic progen- 
itor populations created with BPASS. The four synthetic 
populations we use are as follows: 

(i) Single WR stars with Xgurfacc < 0.001 and 
log(r,ff/K) > 4 

(ii) Binary WR stars with Xsurfacc < 0.001, log(refl/K) > 
4 and M > 2Mq 

(iii) Single star Type Ibc progenitors with Xsu^facc < 
0.001, log(rcfi/K) > 4 and have completed core helium 
burning 

(iv) Binary type Ibc progenitors with Xsurfacc < 0.001, 



log(Tefi /K) > 4, M > 2Mq and have completed core helium 
burning 

The SN types resulting from the stars in these synthetic 
populations are determined using the parameters listed in 
table [21 For the binary population we include the contribu- 
tion of the primary and secondary stars to the WR popula- 
tion. We also consider the companion flux when calculating 
the observed magnitude of the system. We see in Figure [5] 
that the synthetic single-star WR population has a similar 
mean magnitude to the observed LMC WR population used 
above, but is not able to reproduce the spread of magni- 
tudes. In contrast, the synthetic binary WR population is a 
much closer match to the observed distribution. This is be- 
cause binary interactions increase the amount of mass-loss a 
star can undergo, and so widens the range of initial masses 
(and hence luminosities) which give rise to WR stars. In 
addition the inclusion of the flux from the secondary in bi- 
nary systems leads to some WR stars being apparently more 
luminous than possible from single stars alone. 

We st r ess t hat our method differs from that of 
lYoon et al.l l|2012f ). who consider the very end point of each 
evolutionary track as the point of explosion. We assume that 
our model stars can explode at any time after the end of 
core-helium burning. The advantage of this is that it gives 
us a range of possible magnitudes for each model, and hence 
allows us to include the uncertainties of stellar evolution 
and Wolf-Rayet atmosphere modelling in our analysis. The 
disadvantage is that we may overestimate the magnitude of 
single-star progenitor mo dels, which we fin d to be higher 
than those suggested by lYoon et all |2oT3). Furthermore 
they estimate pre-SN magnitudes in the narrow band Mv 
rather than the broad-band filter (My) commonly available 
for progenitor detections. The narrow band filter does not in- 
clude emission line fiux which can contribute significantly to 
the luminosity of Wolf-Rayet stars, and Mv can be typically 
0.5-1.0 magnitudes fainter than broadband BVR. These fac- 
tors would lead in turn to an increase in the probability that 
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no progenitor would have been observed in pre-explosion im- 
ages. This can be seen in Table[6l as the probabihty of a de- 
tection for our single-star WR population is lower than that 
for our single-star progenitor population. However the dif- 
ference in luminosity may be more extreme then we provide 
here, and this caveat must be considered when comparing 
the probabilities of the different synthetic populations. 

Using these synthetic populations we can again compare 
the progenitor limits to the various synthetic populations. 
From each SN we can calculate a probability that the pro- 
genitor would remain undetected from the fraction of the 
synthetic population with a magnitude less than the limit. 
We then combine those individual probabilities to estimate 
the probability that no progenitor would have been observed 
in any of the pre-explosion images. We show the resulting 
probabilities and their combination in Table[Hl As mentioned 
previously, the probability that we would not have detected 
a Type Ibc progenitor if the LMC WR sample is represen- 
tative of the progenitors is 0.15. Similarly low values are 
found for all the progenitor models, although the popula- 
tion of synthetic binary progenitors has a slightly higher 
probability at 0.27. 

We note that without the deep limit for SN 2002ap, in 
all cases the probability that we would not have observed a 
SN progenitor increases significantly. However, the probabil- 
ity of the binary population do not increase by as much as 
that of the single star models. This is because the range of 
possible magnitudes in a binary is greater than those from 
single stars. While this means there are more low luminos- 
ity progenitors, there are also more progenitors at the high 
luminosity end of the distribution. This gives the false im- 
pression that single stars are more likely to be the possible 
progenitors. 

In conclusion, while we favour a mixed population of 
Wolf-Rayet stars and lower mass helium stars in binaries 
as the progenitors of Type Ibc SNe, we cannot set strong 
constraints from the current limits and non-detections. Fur- 
thermore, our limits on the progenitors are constrained by 
the depth of the pre-explosion images, and strongly depen- 
dent on the deep limits for two of our sample, namely SNe 
2002ap and 2010br. 



6 DISCUSSION 

There are two main candidates for the progenitors of Type 
Ibc SNe: Wolf-Rayet stars (M>20 Mq) and lower mass 
helium-stars. The former will experience mass loss which 
is primarily due to stellar winds, and will effectively evolve 
as single stars. The latter are the result of close binary evo- 
lution, where the mass-loss is due to binary interactions of 
Roche-lobe overflow or common envelope evolution. Both 
progenitor channels are plausible. WR stars are commonly 
observed in star-forming environments, but to the best of 
our knowledge no completely hydrogen-free low-mass helium 
stars are known (with a core mass that will create an ONeMg 
or Fe-core and experience core-collapse) and their existence 
remains conjecture. 



LMC WR Sample 
2 _ Synthetic single-stars populations 
Synthetic binary populations 



Figure 9. Cumulative frequency magnitude distribu- 

tions for observed WR stars (black line), synthetic single WR 
stars (blue-dashed line), synthetic single star Type Ibc progeni- 
tors (blue-solid line) , synthetic binary WR stars (red-dashed line) , 
synthetic binary Type Ibc progenitors (red-solid line) 



6.1 Arguments in favour of interacting binaries as 
progenitors of Ibc SNe 

From the limits presented in Section [5l if Wolf-Rayet stars 
were the sole progenitors of Type Ibc SNe it is likely 
that we would have observed one as a progenitor in pre- 
explosion imaging. The number of non-detections to date 
suggest that at least some, and possibly most Type Ibc 
SNe arise from lower mass stars in binary systems. This 
is further supported by the fact the binary models can re- 
pro duce the observe d relative r ate of different SN types 
(Po dsiadlowski et al.l IT99 2: Eld ridge. Izzard fc ToutI l2008l: 
Yoo n. Wooslev fc Langeij I2OI0I : Eldridge. Langer fc Tout! 
l20lil ). Current single star models predict too many Type II 
SNe, however recent studies have indicated that the mass- 
loss rat es of red supergiants remain a large source of uncer- 
tainty lYoon fc Cantiello 201C1; .Georgv 2012.1 . 

Currently no single star model can fit the population 
of RSGs, WR stars and SNe rates simultaneously. The 
Geneva rotating ste llar evolution models have come close 
(Eks trom et~al I2OI2I ') , but assume a single initial rotational 
velocity rathe r than a distributi on of rotation velocities as 
are observed (|Hunter et al.|[200^ ). In contrast, binary mod- 
els can also come close to reproducing both observed stellar 
populations and relative SN rates with reasonable distribu- 
tion of initial binary parameters (lEldridge. Izzard fc Tout! 
l2008l : lEldridge. Langer fc ToutI bOlj T In our binary popu- 
lation model which fits best both the observed relative SN 
rates and the non-detection of a Type Ibc progenitor, we 
find that single WR stars contribute one-fifth of Ibc SNe, 
with binary systems giving rise to the rest. Furthermore in 
our synthetic population only half of the SNe will be in a 
binary at the time of core-collapse, the remainder being ap- 
parently single. This is because binaries are either unbound 
in the first SN or have a compact companion at the time of 
the second SN. Deep post-explosion images with the Hub- 
ble Space Telescope at the sites of Type Ibc SNe may help 
identify the surviving binary companion of the progenitor. 

It is important to note that our binary population 
model also predicts the location on the HR diagram of the 
progenitors of hydrogen-poor Type lib and IIL SNe. In Fig- 
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Table 6. The probabilities that no progenitor would have been observed given the different models. 



Progenitor models 



SN 


SN 
Type 


Observed 
WRs 


Single 
WR stars 


Single 
Progenitors 


Binary 
WR stars 


Binary 
progenitors 


2000ew 


Ic 


0.96 


1.00 


1.00 


0.94 


0.97 


2001B 


lb 


0.99 


1.00 


1.00 


1.00 


1.00 


2002ap 


Ic 


0.48 


0.08 


0.16 


0.21 


0.49 


2003jg 


Ibc 


0.93 


1.00 


1.00 


0.87 


0.94 


2004gn 


Ic 


0.75 


0.94 


0.99 


0.76 


0.90 


2004gt 


Ibc 


0.94 


0.98 


0.99 


0.83 


0.91 


2005V 


Ibc 


0.99 


1.00 


1.00 


1.00 


1.00 


2007gr 


Ic 


0.95 


1.00 


1.00 


0.90 


0.95 


2010br 


Ibc 


0.57 


0.62 


0.76 


0.56 


0.81 


2011am 


lb 


0.98 


1.00 


1.00 


0.98 


0.99 


2011hp 


lb 


0.98 


1.00 


1.00 


0.98 


0.99 


2012au 


lb 


1.00 


1.00 


1.00 


0.98 


0.99 


Model Probability 


0.15 


0.05 


0.12 


0.05 


0.27 



ure [Tl] we show a cartoon HR diagram based on our syn- 
thetic population, where the YSG progenitors he above our 
predicted location for the hydrogen- deficient SNe. We note 
that this matches the observed progenitors of SNe 1993J, 
2008ax, 2009kr and 2011dh, which are intermediate between 
the Type Ibc progenitors and hydrogen rich IIP RSG pro- 
genitors. 

Hence the question then is, where are the binary sys- 
tems that harbour Ibc progenitor systems? If we examine 
our binary evolution models more closely we find that stars 
below approximately ISM© spend only a very small fraction 
of their total lifetime without hydrogen in their structure be- 
fore core collapse. This is shown in Figure [10] which displays 
the hydrogen mass fraction of single-star and binary models 
before the end of the stellar models. Stars less massive than 
15M0 retain a low mass hydrogen envelope that is helium 
rich. This is only lost a short time before core collapse. In 
the right-hand panel of Figure [11] the envelope is lost as the 
stars evolve from their hottest extent to cooler effective tem- 
peratures. Stars with parameters similar to these stars have 
been observed and are objects such a s V Sagittae, WR7a 
and HD45 16jEI (Stcinor & Diaz 199 ^: lOliveira et al|[200p ; 
ISteiner fc Oliveira .2005, : ,Groh. Oliveira fc Steineil 120081 ). 
The objects are often discarded as potential Ibc progenitors 
due to the presence of hydrogen on their surface. However 
in Figure [TO] we show the surface hydrogen mass fraction 
for our models which indicate that these possible type Ibc 
progenitors are hiding large helium cores and the residual 
hydrogen could be stripped in the last 10"* yrs of their life. 
Hence it may not be surprising that they exist with in this 
configuration and that completely hydrogen free He-stars in 
binaries are difficult to locate. 

This may seem unexpected but we stress that a binary 
interaction does not immediately lead to complete loss of the 
hydrogen envelope in a star. Roche-Lobe overflow or com- 
mon envelope evolution removes most of the hydrogen en- 



HD45166 is slightly more hydrogen rich than predicted by our 
models. This is probably a result of the secondary star filling its 
Roche lo be at periastron and tran sfering hydrogen back onto the 
primary jSteiner fc Oliveira|[2005h . 




10' 10^ 10* 

Time to end of model / yr 

Figure 10. Diagram of the hydrogen mass fraction of different 
progenitor models before the end of our models. The solid and 
dotted blue lines arc for 3OM0 and 5OM0 single-star models re- 
spectively. The solid and dotted black lines are for 15M0 and 
2OM0 binary models respectively. The solid and dotted red lines 
are for IOM0 and 12M0 binary models respectively. . 



velope but eventually an envelope mass is reached at which 
point it collapses back within the star's Roche Lobe. Stel- 
lar winds are then responsible for removing the remaining 
gas. For stars above 15M0 the winds are strong enough to 
do this during helium burning. Below this limit it is not 
until the star evolves to a helium giant that the mass-loss 
rate becomes strong enough to drive off the hydrogen be- 
fore core-collapse. We note that at lower metallicity weaker 
winds may reduce the number of type Ibc SNe from these bi- 
nary stars, therefore the type Ibc rate will decrease at lower 
metallicities. 

The other piece of observational evidence that supports 
helium stars as SN progenitors is the ejecta masses deter- 
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Figure 11. Cartoon HR diagrams of SN progenitors, the red, yellow and blue regions show the expected location of progenitors for type 
IIP, other type II and type Ib/c SNe. The left panel shows the single-star scenario. The solid lines show the evolution tracks for stars 
with masses given at their initial location. The right panel shows the binary scenario with the solid tracks at 10, 15 and 20Mq showing 
binary evolution tracks and the dashed lines the single star track s. In both p lots the point s with erro r bars show the locations of SNe 
1987A, 1993J, 20C) 8cn, 2009kr and 2011dh (Podsiadlowski 1992; Maund et a l. 2004; Ellas- Rosa et al.| [2009a. 2oiol: iFraser et ahllioiObl : 
iMaund et "al]|201ll l respecti vely. The circ les show the progenitor locations of observed type IIP progenitors and the arrows the upper 
limits for these progenitors jSmartt et al.ii200a) . 



mined from the studies of the lightcurves and observed ejecta 
velocities. There are now many Ibc SNe with well sam- 
pled lightcurves, and some with data stretching thro ugh the 
nebul ar phase. Simple analytical models following lArnettI 
l|l982t) can estimate ejecta mass and ^®Ni mass from the 
rise time, width and peak of the lightcurve. More sophisti- 
cated radiative transfer modelli ng with Mo nte Carlo tech- 
niques (for example Nakamura et al.l l200ll : [Mazzali et al.. 
I2OO7I : [Pessart et al.ll2011 ) have been used to determine also 
the kinetic energy from the velocity information in the spec- 
tra. A summary of the main results for type Ibc SNe is com- 
piled in Table[71 The models of the most common Ibc SNe 
types in the local Universe (within our 28Mpc volume), and 
those for which we have limited the progenitor, all tend to 
be between l-SM©. This fact has recently been highlighted 
by sop histi cated mo delling of Ib c SNe by Hachingcr ct al. 
' 2012|i and iDessart et al.i (|2012l '). In addition, IDrout et al.l 



20111 ) presented a homogeneous study of the ejecta masses 



of twenty-five Ibc SNe and found similarly low masses consis- 
tently through the sample. There are a small percentage of 
the overall Ic SNe class that have very broad lightcurves and 
usually, but not always, high ejecta velocities (often called 
Ic-BL, or broad-lined Ic). There is some evidence that they 
have significantly higher ejecta masses. Their lightcurves are 
significantly broader and a higher ejecta mass is the obvi- 
ous way to explain the differences with a similar physical 
model. However these Ic-BL are rare, with only one (SN 
2002ap) having been discovered within 28Mpc in the du- 
ration of our survey. Their contribution to the overall Ibc 
SN population is likely less than 3 per cent (see Section 2) 



and these could conceivably be from higher mass He or CO 
stars. Wolf-Rayet stars wo uld be the obvious c andidates for 
some of these type Ic SNe (|Dessart et al.1120121 '1. 

In Table[7] we also list the oxygen ejecta mass where 
it has been estimated by model application. Generally this 
is around IM0 or lower, also supporting the idea that the 
bulk of the Ibc SNe are not from WR stars progenito rs with 
zero- age main-sequence masses ^ 25M0 (see Mazzali et al.l 
|2010D . 

We predict ejec ta masses from t h e synt hetic popula- 
tions as described in lEldridge fc ToutI (|2004bD . The should 
be considered upper limits as we do not evolve our mod- 
els to Fe-core formation and so may underestimate the final 
remnant mass. Our binary progenitor models (which mainly 
form neutron-star remnants) have an average ejecta mass 
of 4.2 ± 2.4M0 while single star progenitors (which mainly 
form black-hole remnants), have ejecta masses in the range 
to 6.6 ± O.9M0. This further supports the idea that normal 
type Ibc SNe come from helium stars formed in binaries with 
initial masses below 2OM0 and form neutron stars at core 
collapse. 



6.2 Arguments in favour of Wolf-Rayet stars as 
progenitors of Ibc SNe 

Recently, much work has been done on th e stellar pop- 
ulations near the location of SNe (e.g. iMurphv et al.l 
I2OIII : iLeloudas et al. I I2OIII : lAnderson et al. I I2OI2!). These 
range from studying the resolved stellar populations us- 
ing high resolution HST data, such as that presented here 
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Table 7. Measured ejecta masses for Ibc SNe from the literature. These are lightcurve modelling. In some cases an estimated mass of 
oxygen is also determined from spectral modelling and is added here for reference. Typical stellar evolution models predict that a 25M0 
star would produce between 2-4Mq of oxygen during its nucleosynthetic evolution. 



SN 


Typo 


O mass / Mq 


Total ejecta mass / Mq 


Refs 


2007Y 


lb 


0.2 


0.4 


Stritzinger et al. (2009") 


19941 


Ic 




0.7 


Valenti et al. f 2008b ~) 


2007gr 


Ic 


0.8 


1-2 


MazzaU et al. (2010). Hunter et al. f2009) 




IC 






ivicizziiii ei di. (zuuo). ivideciti ex di. izuu* j 


2002ap 


Ic 


1.2 


2.5 


Mazzali et al. (2007) 


2003jd 


Ic 




3 


Valenti et al. (■2008b) 


2008D 


lb 


1.1 


3.6 


Dessart et al. f2012) 


2004aw 


Ic 




5 


Valenti et al. C2008b) 


2009jf 


lb 




5-7 


Valenti et al. (20110) 


1997ef 


Ic 




7-10 


Mazzali. Iwamoto. & Nomoto (2000) 


1998bw 


Ic 


2-3 


10 


Nakamura et al. (2001) 


2011bm 


Ic 


5-10 


7-17 


Valenti et al. (2012) 


Sample Average 
Sample Average 
Sample Average 


lb 
Ic 
Ic-BL 




9+1.1 
^-0.8 

^•'-0.9 
4 7+2.3 


Drout et al. (2011) 
Drout et al. (2011) 
Drout et al. (2011) 



ijMurphv et aLllioill ) to lower resolution ground-based data 
that typically use Ha to probe regions of star fo rmation. 
Using the latter technique [Anderson et al.l (|2012l ) propose 
that type Ibc SNe tend to show stronger spatial associa- 
tion with Ha emission in galaxies compared to type II SNe, 
and type II-P in particular. As Ha emission originates in 
young clusters and associations, their interpretation is that 
type Ibc SNe may arise from significantly higher mass stars 
than type II-P. They also find that the spatial correlation 
is strongest for type Ic SNe, even more so than type lb. 
[Anderson et al.l (|2012l ) interpret this as an increasing mass 
sequence, with type II SNe coming from the lowest mass 
stars and lb and Ic from progressively higher mass. This 
would argue in favour of Ibc progenitors being significantly 
higher mass stars than progenitors of II-P S Ne, and since 
we know that II-P SNe arise in 8-17Mq stars (jSmartt et al.l 
l2009l : ISmar"t3l2009t ) then this might suggest WR progenitors 
of type Ibc SNe with initial mass ^2OM0. 

These SNe are typically at distances of 50-100 Mpc 
and the ground-based imaging does n ot specific a lly id en- 
tify the host Hll region, a fact which led lCrowtheil l|2012l ) to 
study the environments of the closest 39 CCSNe in nearby 
(^15 Mpc) and low inclination galaxies. While Ibc SNe are 
near ly twice as likely to be associated with nearby H ll emis- 
sion, [Crwthe^ l|2012l) finds that these nebulae are long lived, 
giant H ll regions with typical lifetimes more than 20 Myrs. 
Hence the association only provides weak constraints on Ibc 
progenitor masses. Binary evolution would extend the pe- 
riod during which Type Ibc SNe occur up to 20 Myrs and 
this is still roughly in agreement with observed population 
ages from the Hll region analysis. The greater mean age of 
binary SN progenitors is also in accord with the absence of 
any Hll regions or large young stellar populations at the site 
of the Type Ibc SNe in our sample. The typical lifetime of 
a HlI region is between 3 to 5 Myrs, i.e. shorter than the 
lifetime of most binary Type Ibc progenitors. Only the most 
massive regions such as NGC604 or 30 Doradus have more 
extended periods of star-formation, and such systems are 
rare. 



There are two other factors that may have prevented 
us from detecting WR progenitor stars. Firstly it is pos- 
sible that WR stars evolve rapidly in the latter stages of 
their lives. This could mean that, just prior to core-collapse, 
they appear significantly different to the WR stars we ob- 
serve in the LMC, possibly getting hotter and fainter in the 
las t 5 per cent of the ir lifetimes. This has been investigated 
bv lYoon et all l|2012l ). However we suggest that prog enitors 
are sli ghtly more observable than in the work of ,Yoon et al.l 
(|2012l ). They determined magnitudes in the narrow band 
Mv rather than the broad-band filter commonly available 
for progenitor detections. The narrow band filter does not 
include emission line fiux which can contribute significantly 
to the luminosity of Wolf-Rayet stars, and Mv can be typi- 
cally 0.5-1.0 magnitudes fainter than broadband BVR. 

Secondly, we may have underestimated the extinctions 
towards the WR star progenitors (and hence our detection 
limits are not as deep as we have presented here), or WR 
stars could create and eject dust in the last fraction of 
their lifetimes. The values for E{B — V) used in Table|4] 
are those estimated for the foreground line of sight (includ- 
ing host galaxy extinction where possible). The distribu- 
tion is characterised by a mean and standard deviation of 
< E{B - V) >= 0.22 ± 0.28, which is s ir nilar to the ex- 
tinctions estimated by iBibbv fc Crowtheil (|20ll l2010l ) to- 
wards WR stars in NGC5068 and NGC7793. In addition, 
we have added our estimates of extinction to the limiting 
magnitudes, whereas for the LMC sample we have simply 
taken foreground Milky Way extinction. Any extra internal 
LMC, or circumstellar extinction would tend to make the 
LMC reference sample brighter for our comparison purposes 
and the restrictions tighter. In this study we have no ability 
to disentangle the foreground extinction from circumstellar, 
hence we have no t employed the new and physic ally con- 
sistent methods of iKochanek. Khan, fc "Pail (|2012l ). If a Ibc 
progenitor were found then it would be necessary to consider 
the circumstella r extinction separately to foreground ISM as 
discussed by iKochanek. Khan, fc Pail ((2012) as is the case 
for SN2012aw. 
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7 CONCLUSIONS 

We have used the observed hmits on the progenitors of Type 
Ibc SNe in pre-explosion images, the observed relative rates 
for different SN types and a binary population model to 
study their progenitor population. From both sets of data, 
we find that a single-stellar population is disfavoured, and 
that the bulk of the type Ibc SNe most likely arise from 
low mass progenitors which have been stripped by a binary 
companion. This scenario is also supported by the fact that 
the ejecta masses from Ibc SNe are, in general, too low to 
be from massive Wolf-Rayet stars. 

The favoured progenitors are therefore the hypotheti- 
cal low-mass helium stars. However no such hydrogen-free 
stars with masses large enough to experience core-collapse 
are known in the Galaxy. Our stellar models of these systems 
indicate that this is actually to be expected. The binary in- 
teraction that seals these stars to their final fate does not 
remove all hydrogen from the stellar surface and leaves ap- 
proximately a few times O.IMq. This is removed by stellar 
winds as the star evolves at the end of core helium burning. 
These objects would appear similar to observed binary sys- 
tems such as V Sagittae, WR7a and HD45166. Therefore we 
suggest that the final fate of these systems will be type Ibc 
SNe. Further detailed study and modelling of these systems 
are required to confirm this. 

While there are some Ic SNe which have broad 
lightcurves and likely large ejecta masses, they are much 
rarer by volume compared to the bulk of the normal Ibc 
SN population. It's still possible that t hese Ic SNe do come 
from m assive Wolf-Rayet stars, however lPodsiadlowski et al.l 
l|2004l ) show that even if one assumes that only stars above 
8OM0 produce broad-lined and broad lightcurve Ic SNe then 
the observed rate of such SNe is still too low. Hence the 
massive, classical Wolf-Rayet population does not produce 
the majority of the normal Ibc SNe we see within 28 Mpc. 
However they could contribute to this population or sup- 
ply progenitor systems producing rarer type Ibc events. It's 
possible that some fraction of WR stars form black holes in 
such a way that they produce faint SNe or no visible display. 
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Table Al: Core collapse SNe discovered between 1998-2012.25 in galaxies with 
recessional velocities less than 2000 kms~^ . The HST FOV column notes if the 
host galaxy has been observed by HST prior to explosion and if the position 
of the SN is "in" or "out" of the camera field-of-view. 



Supernova 



Galaxy 



Type 



HST FOV Comments 



Core-collapse 



1998A 


IC2627 


1974 


Ilpec 




1998S 


NGC3877 


1115 


Hn 








1 Ri n 

lO-LU 


jj 




1998bv 


PGC2302994 


1794 


II-P 




1998dl 


NGC1084 


1298 


II-P 




1998dn 


NGC 337A 


1004 


II 




1999B 


UGC7189 


1962 


II 




iyyyan 


( 00 


iOUO 


TT 
11 


in 


1999bg 


IC758 


1537 


II-P 




1999br 


NGC4900 


1013 


II-P 


in 


1999el 


NGC6951 


1704 


Hn 


out 






DiO 


TT P 


out 


1999eu 


NGC1097 


1066 


II-P 


out 


1999ev 


NGC4274 


1089 


II-P 


in 


1999ga 


NGC2442 


1168 


II-L 




1999gi 


NGC3184 


765 


II-P 


in 


1 QQQtrn 

-Lyyy^ii 






II-P 




1999gq 


NGC4523 


364 


II-P 




2000db 


NGC3949 


1020 


II-P 


out 


2000ds 


NGC2768 


1622 


lb 


in 






1UD± 


Tr> 
IC 


m 


2001B 


IC391 


1816 


lb 


in 


2001X 


NGC5921 


1582 


II-P 




2001ci 


NGC3079 


1343 


Ic 


in 








II-P 




2001fv 


NGC3512 


1504 


II-P 




9001 f-y 
ZUUIIZ 




1 79n 


TT P 




2001gd 


NGC5033 


1081 


lib 


out 


ZUUllg 




/ 04 


TTK 
IID 


out 






1 1 1^9 
i iOZ 


TT 

11 




2002ao 


UGC9299 


1607 


Ic 




2002ap 


NGC628 


686 


Ic 


out 


2002bu 


NGC4242 


737 


Hn 


out 


2002hc 


NGC2559 


1370 


II-L 




2002hh 


NGC6946 


318 


II-P 


out 


2002ji 


NGC3655 


1538 


Ibc 




2002jz 


UGC 2984 


1527 


Ic 




2003B 


NGC1097 


1066 


II-P 




2003J 


NGC4157 


1011 


II-P 




2003Z 


NGC2742 


1518 


II-P 




2003bg 


MCG-05-10-15 


1151 


Ic 




2003bk 


NGC4316 


1325 


II 




2003ed 


NGC5303 


1631 


lib 




2003gd 


NGC628 


686 


II-P 


in 


2003hn 


NGC1448 


911 


II-P 


out 


2003ic 


NGC4051 


917 


II-P 





Pastorello et al.l ||2005|) SN1987A-Iike 
Fassia et alj ll200ll) 



Li et al. (1998), unknown subtype 
Knia zeh 11991) 



Filippenko fc De Breuc^ |[l998a) 
Gomez fc Lope d ll2000h. unknown subtype 



Filippenko. Leonard fc Riesj lll998l ') , unknown 



subtype 

Wei et al. I 1I1999I'). unknown subtype 



Yam aoka' amateur LC 

Pastorello e t al. (2004) Low luminosity II-P 



Ajan^ 




Low luminosity II-P 
amateur LC. 



Pastorello_et_aLl 

Garnavich et all 1 19^^^ 

Peculiar H-LlPastorello et al.l ll2009t) 
Leonard et al.l ll2002bl ) 



Pastorello et al. 112004) possible low luminosity 



H-P 

Jha et al ] lll999|) .^ amateur LC 
Pastorello et al. (2000), amateur LC 
Filippenko fc Chornock ( 200^ 



Gerardv et al.l ||2002|) 



Chornock fc Filippenkol ll200ll 'l, Tsvetkov 



Tsvetkov 



Tsvetkov 



200e) 



200e) 



Filiggenk^^^ 



Chornockl | |2001^ 



Van Dvk. Li fc Filippenkol l l2003bl ') 
.' ('2001') 



Matheson ot al.' ("2001' 
Mathcson cr al. (2001) 
Stockdale et al.l ba^'h 



amateur LC 
amateur LC 



Rvder. M urrowood fc Stathakia 



Maund et al 
Matheson er al 



1I2OO7I') 



Pastorello et al 



l|2003h . 



l|2006h . 



Mazzali et alJ 



200: 
■ ll2008i 
"ll2002h 



unknown subtype 
: narrow He linea^^l 



Avani. Kawabata fc Yamaokal 1I2OO2I ). LC ap- 



aears like II-L 



similar to 1979C 



Wood-Vasev et al.l 112 

Pozzo e t al. (200^) 

Ruiz-Lapuentc et al.l ll2002h 

Hamuv. Roth fc Morrelll l|2002h . somewhat un- 



certain 

M . Hamuy (priv. communicati on) 

Hashimoto fc Yamaokal j2003l) . 



lAvani. 



teur LC 

lUtrobin. Chueai 1 



Pastorellol l[20o3), low lu- 



minosity II-P 

ISoderberg et al~ 1 liooi), evidence of H during 
evolution 

Phillips et al.l ||2003^. subtype unknown 



Leonard. Chornock fc Filippenkol l|2003l ) 
Hendry et al.l ||2005|) 



M. Hamuy (priv. commun ication) 
iHarutvunvan et al.l ||2008| ) 



continued on next page 



SNe 2002ao and 2006jc have been termed Ibn as they show narrow He lines due to circumstellar He rich shells. We adopt Ic rather 
than Ibn as that more accurately reflects the nature of the event. 
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Table |A1| continued 


Supernova 


Galaxy 




Type 


HST flag 


2003jg 


NGC2997 


914 


Ibc 


in 


2004A 


NGC6207 


1090 


II-P 


in 


2004C 


NGC3683 


1944 


Ic 




2004G 


NGC5668 


1673 


II 


out 


2004am 


NGC3034 


487 


II-P 


in 


2004ao 


UGC10862 


1812 


lb 




2004bm 


NGC3437 


1381 


Ic 




2004cm 


NGC5486 


1648 


II-P 




2004CZ 


ESO407-G09 


1398 


II-P 




2004dg 


NGC5806 


1439 


II-P 


in 


2004dj 


NGC2403 


370 


II-P 


out 


2004dk 


NGC6118 


1645 


lb 




2004ep 


IC2152 


1683 


II 




2004et 


NGC6946 


318 


II-P 




2004ez 


NGC3430 


1731 


II-P 




2004fc 


NGC701 


1727 


II-P 




2004gk 


IC3311 


-53 


Ic 




2004gn 


NGC4527 


1780 


Ic 


out 


2004gq 


NGC1832 


1782 


Ibc 


- 


2004gt 


NGC4038 


1559 


Ibc 


in 


2005V 


NGC2146 


1157 


Ibc 


in 


2005ad 


NGC941 


1535 


II-P 




2005ae 


E209-G09 


862 


lib 


in 


2005af 


NGC4945 


376 


II-P 




2005at 


NGC6744 


632 


Ic 


out 


2005ay 


NGC3938 


1017 


II-P 




2005CS 


NGC5194 


702 


II-P 


in 


2005CZ 


NGC4589 


2283 


lb 


in 


2005kl 


NGC4369 


1248 


Ic 




2006bc 


NGC2397 


1064 


II-P 


in 


2006bp 


NGC3953 


1285 


II-P 




2006jc 


UGC4904 


1830 


Ic 




2006my 


NGC4651 


912.1 


II-P 


in 


2OO60V 


NGC4303 


1616 


II-P 


in 


2007C 


NGC4981 


1687 


lb 




2007Y 


NGC1187 


1214 


Ibc 




2007aa 


NGC4030 


1476 


II-P 


in 


2007av 


NGC3279 


1436 


II-P 




2007gr 


NGC1058 


634 


Ic 


in 


2007it 


NGC5530 


1045 


II 




2007OC 


NGC7418A 


1938 


II-P 




2007od 


UGC12846 


1810 


II-P 




2008M 


E121-G26 


1981 


II-P 




2008ax 


NGC4490 


797 


lib 


in 


2008bk 


NGC7793 


60 


II-P 


out 


2008bo 


NGC6643 


1778 


lb 




2008fb 


UGC2813 


1622 


II 




2008gz 


NGC3672 


1822 


II-P 




2008ij 


NGC6643 


1778 


II 


out 


2008in 


NGC4303 


1616 


II-P 


out 


2009G 


IC4444 


1812 


IIP 


in 


2009H 


NGC1084 


1298 


IIP faint 


in 


2009N 


NGC4487 


1026 


IIP faint 


in 


2009at 


NGC5301 


1749 


II 




2009bw 


UGC2890 


1404 


II 





Comments 



Howell (200|) 



Hendry et al. 



. 1I2OO6I') 
ahl ll2004h 



Matheson er ; 

lElias-Rosa et al. I l l2004al '). subtype unknown 

Mattila in prep. 

iM athespn, e t al,| j2004|) 
Foley et al. (2004) 

Comioly (2004), probable low-luminosity II-P 
Fbley, Pueh & Filippcnko (.2004) 
Elias-R osa et al. (200 4^^) 
Vinko et al.. C20()6.,1. Zhang et al.l l|2006l ') 



Filig£enko_et_^ 



Filig£enkoet^ 



Misra et al. 



t al.l l|2004|). subtyp e unknown 
ll2007|'l.lSahu et al.1 lj2006) 



Filippenko et al.l ll20oir amateur LC 



Salvo. Schmidt fc Keller! \200i) 
Quimbv et al.' l'20041'l 
1990B-like, SNIPS spectruni^ 



Modiaz et al . (2005a), Gal- Yam ct al. ('200 7|) 
Gal- Yam et al., C2005 ) .Maund. Smartt fc Schweizerl 

\20Q± 

iTaubenberger et al. I ll2005al ) 

M. Hamuy (priv. communication), probable II- 

P 

iFilippenko fc FolevI ll2005l l 
.'Percyra et al.' ('2006') 
Schmidt & Salvo ( 200^) 
Gal- Yam et al.l p oos') 

Pastorello et al. igOOfi), low-luminosity II-P 



Leonard ll2005li 



Taubenberger et al.l ll2005bl') 
Patatj_^aade&J^an el ||2006| '). amateur LC 



Dessart et al.' ('2008^) 
J'astorello et al. (2 007a|) . iFoley et all l l2007t) : 

narrow 

Ij et al. ( Wffh 
Li et al.l ^20071') 



Blondin fc Calkind ll2007ah 
Folatelli et al.l ll2007r 



Folatelli. Gonzalez fc Morrelll l|2007l l. 



LC 



Harutvunvan et al.l l2o"o7al ). amateur LC 
Valenti et al.l ll2008a ) 



Contreras ct al. (2007), unknown subtype 
Olivares fc Folatelli (2007), 1999em like 
Blondin fc Calkins (2007b), 1999em hke 
Folat elli. Olivares fc Mo rrcll (2008 ) 
P astorello et al n2q08bl ') 



Mattila et al 



]200^ 



N^ras^^ja^^^aLr ij20[)3 ) 
Kajara^t_al. I ||2008|') 



Rupak et a'lTll201ll 'l 

Chain j \2om 



Rou ct al.l ll20li]) low l uminosity II-P 
Stritzingcr et al. (2009!) 
Benctti_ cl_a.l, (,2009.) 
Challi j hoO^) 



Harutvunyan, Bufano fc Benettil l|2009l l 

Stanishev (2009) 
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http://www.supernovae.net/sn2004/sn2004gn.jpg 
■^^ Although Vvir outside limit, the TF/SBF distance from lTonry et aT ] ll2000l ') puts it within our distance limit and so it is included. 
■^^ SNe 2002ao and 2006jc have been termed Ibn as they show narrow He lines due to circumstellar He rich shells. We adopt Ic rather 
than Ibn as that more accurately reflects the nature of the event. 
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Tabic |A1| continued 


Supernova 


Galaxy 




Type 


HST flag 


2009dd 


NGC4088 


989 


II 


in 


2009dq 


IC2554 


1108 


II 




2009em 


NGC157 


1600 


Ic 


out 


2009gj 


NGC134 


1404 


lib 


out 


2009hd 


NGC3627 


788 


II 


in 


2009ib 


NGC1559 


1005 


IIP 


in 


2009js 


NGC918 


1536 


IIP faint 


out 


2009kr 


NGC1832 


1780 


IIP/L 


in 


20091s 


NGC3423 


1033 


IIL 


in 


2009md 


NGC3389 


1356 


II 


in 


2009mg 


ES0121-G26 


1981 


lib 


out 


2009mk 


ES0293-34 


1305 


lib 




2010br 


NGC4051 


917 


Ibc 


in 


2010gi 


IC4660 


1538 


lib 




2011am 


NGC4219 


1809 


lb 


in 


201 laq 


NGC1056 


1620 


II 




2011dh 


NGC5194 


702 


lib 


in 


201 Idq 


NGC337 


1572 


IIP faint 




2011hp 


NGC4219 


1811 


Ic 


in 


2OIII1S 


IC5267 


1524 


lib 


out 


2011ja 


NGC4945 


376 


IIP 


out 


2011jm 


NGC4809 


979 


Ic 




2012A 


NGC3239 


820 


II 




2012P 


NGC5806 


1439 


lib 


in 


2012au 


NGC4790 


1344 


lb 


in 


2012aw 


NGC3351 


826 


IIP 


in 


Type la 










1998aq 


NGC3982 


1388 


la 


in 


1998bn 


NGC4462 


1718 


la 




1998bu 


NGC3368 


941 


la 


out 


1998dm 


PGC005341 


1882 


la 




1999by 


NGC2841 


831 


la 




200DE 


NGC6951 


1704 


la 




2001dp 


NGC3953 


1285 


la 


out 


2001el 


NGC1448 


911 


la 


out 


2001fu 


M-03-23-11 


1564 


la 




2002bo 


NGC3190 


1410 


la 


out 


2002CV 


NGC3190 


1410 


la 


out 


2002fk 


NGC1309 


1986 


la 




2003cg 


NGC3169 


1237 


la 


in 


2003gs 


NGC936 


1279 


la 


in 


2OO3I1V 


NGC1201 


1490 


la 


in 


2003hx 


NGC2076 


1974 


la 




2003if 


NGC1302 


1506 


la 




2004W 


NGC4649 


1198 


la 


in 


2004ab 


NGC5054 


1708 


la 


in 


2004ea 


M-03-11-19 


1792 


la 




2005cf 


M-01-39-03 


1977 


la 




2005cn 


NGC5061 


1944 


la 


out 


2005df 


NGC1559 


1005 


la 


in 


2005ke 


NGC1371 


1272 


la 




2006E 


NGC5338 


900 


la 




2006X 


NGC4321 


1677 


la 


in 


2006ce 


NGC908 


1344 


la 




2006dd 


NGC1316 


1556 


la 


in 


2006mq 


ES0494-G26 


779.4 


la 




2006mr 


NGC1316 


1556 


la 


in 


2007af 


NGC5584 


1704 


la 


in 


2007bm 


NGC3672 


1824 


la 




2007gi 


NGC4036 


1629 


la 


in 


20071e 


NGC7721 


1971 


la 




2007on 


NGC1404 


1717 


la 


in 


2007sa 


NGC3499 


1761 


la 




2007sr 


NGC4038 


1559 


la 


in 



Comments 



Elias-Rosa ct al. (2009b) 
Anderson et al.. t20qa) 
Folatelli fc Morrelll l|2009h 



FolevI [2009!)" 



Elias-Rosa et alj ||2011^ 



Stritzingcr & Folatelli' ('2009') 

Silverman, Kandrashoff & Filip Denkol (1200' 
Eraser et al. (2010b), Elias-Rosa et al.l ( I2OI 
Peicha & Prieto ( 20091 
Eraser et al. ( 20lj) 
Strizinger (.20101 



Chornock fc Bergej (120091) 
Maxwell et al.l (|2010D 



Yamanaka et al. 



(I2OIOII 



Morrell. Stri tzingcr & b3 l 201]h 

Silverman, Cenko & Filippenkcj (l201lh 
Maund et al. (2011), Van Dvk et al.l (l201lh 
Valcnti & Benetti (2 0nbf) 
Monard (20 lfalV 
Milisavlievic et al.l (I2OIII) 
Monard et al.l (l2011bl) 



Howerton et al.l (l201lh 

Stanishev fc PursimoT (l2012h 



Borsato et al.l (120121) 
Silverman et al.l (l20isi) 



Eraser et al.l (l2012l ), IVan Dvk et al.l (I2OI2I) 



BranchI (l2003t) 



Patat k. Maial d 19981) 
Hernandez et al.l (l200ol) 



Filiggenkoj 



Garn^icli_etal 



De Breuckl (Il998bl) 
(l2004h 



, .200: 

Avan i et al.l (I2OOIJ) 
Krisci unas et al.l (|2003|) 
Matheson fc Bcr lindl ( I2OOII) 
Benet ti et al.. (.20(341) 
El ias-Rosa et al.l (l200i) 
Avani fc Yamokal (l20o'i ) 
Elias-Rosa et al.l (l2006h 



Gonzalez. Morrell fc Hamuvl (|2003l ) 
Gerardv et al.l (120071 ) 



Misra et alT(l2008h 
Matheson er al.l (|2003^ 



Moore et al.l \20Q^ 
Mathes on er al.l j2004| ) 

Gonzalez ct al. ( 2004) 
Pastorello et al. , (.20079) 



Modjaz_e^_alJ 



"(l2005d) 



Gerard^_et_^ 



Immler et al 



Aldering et al 



(|2007|) 



Wang et alJ 



2006 
■ (12006 
I200I) 



Blackmass, Sch midt 
S,alvo ct al. ( 200d) 

Preito (2006^ 

Phillips et aj] (l2006h 
Simon et al.l (l2007lj 



Kerzendorl ( I2OO6I) 



N^asard^ai^_et_al 



Harut^un^ai^^etal, 



(|2007^ 



(l2q07bl) 



FilipDcnko ct al.' (200' 
Voss & Nelcmans (2001 
Agnolctto et al. (2007) 
Umbriaco et al. ( 2007) 
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J.J. Eldridge et al. 

Tabic lAll continued 



Supernova 



2008cq 
2008fp 
2008ge 
2008ha 

2010ae 

2010el 

2010ey 

2010fz 

2010ih 

2011B 

2011ae 

2011at 

2011by 

2011dm 

201 lek 

201 Ife 

2011iv 

2011iy 



Galaxy 



Type 



HST flag Comments 



PGC731537 
ES0428-G14 
NGC1527 
UGC12682 

ES0162-17 
NGC1566 
ES0548-76 
NGC2967 
NGC2325 
NGC2655 
MCG-03-30-19 
MCG-02-24-027 
NGC3972 
UGC11861 
NGC918 

MlOl 
NGC1404 
NGC4984 



1191 
1504 
910 
1469 

818 
1221 
1312 
1861 
1954 
1653 
1747 
1922 
1086 
1756 
1536 
502 
1717 
1180 



la 
la 
la 
la 

la 
la 
la 
la 
la 
la 
la 
la 
la 
la 
la 
la 
la 
la 



m 
in 



out 
out 



MorrcU (2008) 

Wang et al (2008a. ') 

Foley et al.Tll2010bl'l 2 002 cx-like 

Valenti et al. I Jiooi), iFolev et al.l 

2002cx-like 

Strizinger et al.' ('2010*), 2002cx-like 
Bcssel & Schmidt (2O10J, 2002cx-like 
MorrcU & Prieto J201ol) 

Preito et a l. (,201ol) 

M orrell. Botti fc Loped ll2010h 
Bakanm Graham fc Hsiao| l|201ll ') 

hu. Arora fc Antol 1I2OIII) 
Bufano. Benetti fc Pastorelld ll201lh 
Zhang fc Zhoul ||2011^ 



1I2OO9I ') 



Milisa vlievic. Thorstensen fc FesenI l|201ll 'l 
Nakan o et alj 1I2OIII ) 
Nugent et al. (201lll. lLi et al. I l|201ll 'l 
Foley et al (2QvE^ 
Chen et al.l hoih 



Unclassified 










1998cf 


NGC3504 


1669 




in 


1999gs 


NGC4725 


1206 




out 


2008ch 


NC2997 


91 




out 


2008iz 


NGC3034 


487 


CC 


in 


Uncertain or 










non-supernova 










1999bw 


NGC3198 


850.9 


LBV 


out 


2000ch 


NGC3432 


778.6 


LBV 


out 


2001ac 


NGC3504 


1668.9 


LBV 


out 


2002kg 


NGC2403 


370 


LBV 


out 


2003gm 


NGC5334 


1433.8 


LBV 


in 


2007SV 


UGC5979 


1377.0 


LBV 




2006fp 


UGC12182 


1807.5 


LBV 




M85 OT2006-1 


M85 


957 


SN or OT? 


in 


2008S 


NGC6946 


318 


Iln or OT? 


out 


NGC300 OT2008-1 


NGC300 


100 


SN or OT? 


in 


2009ip 


NGC7259 


1596 


LBV 


in 


2010U 


NGC4214 


479 


Noya 


in 


2010da 


NGC300 


-38 


LBV/08S-like 


in 


2010dn 


NGC3184 


755 


LBV/08S-like 


in 


201 Iht 


UGC 5460 




Iln 





Filippenko. Li fc Modiad lll999p^ 
Wagner et al.l ll2004h ' 
Matheson et al.l ll200lh 




_ _■ , our own data 

Blondin et al.l 1I2OO6I) 
Kulkarni et al. (2007) 
Botticclla e t al. (2009) 
Pastorello e t al. (2010) 

Pastorello et al.. (.2012j) and references within 

Humphreys et al.l"i 2010) 

Binder et al.l (l201ll) 

Vinko et airil2010l) 

IMPOSTOR 



http: / /etacar. umn.edu/etainfo/relatcd/ 
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